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Abstract of The Dissertation
Corrosion-Resistant Non-Carbon Electrocatalyst Supports for Proton Exchange Membrane Fuel
Cells
by
Cheng He
Department of Energy, Environmental & Chemical Engineering
Washington University in St. Louis, 2019
Professor Vijay K. Ramani, Chair

Proton exchange membrane fuel cells (PEMFCs) are a promising portable power source due to
their low operating temperature, minimal pollutant generation and fast startup. However, several
challenges remain concerning lifetime, reliability, and cost. A critical issue is PEMFC component
durability. Platinum supported on high surface area carbon has been one of the most widely used
electrocatalysts in PEMFCs. However, carbon corrosion over the course of normal PEMFC
operation occurs due to the relatively low standard electrode potential for the carbon
dioxide/carbon redox couple (0.207V vs. standard hydrogen electrode). Considering this challenge,
it is imperative to identify alternative support materials to replace carbon. Metal oxides and doped
metal oxides have two advantages in their use as catalyst supports. One is high oxidation resistance,
which makes them very stable at high potentials and in the presence of strong oxidants or acids.
The second advantage is the occurrence of strong metal support interaction (SMSI) in most of
these materials. The interaction between the support and Pt catalyst modifies the surface electronic
state of the metal catalyst particles, which dramatically increases Pt oxygen reduction reaction
(ORR) activity.

xiii

Thus, a series of doped metal oxides will be examined as alternative materials to address the issue
of electrochemical stability of fuel cell catalyst supports. In this study, I will select PGM-free metal
oxides that are thermodynamically stable in the operating potential and pH windows. First, Nbdoped-TiO2 (NTO) was synthesized and exhibited a unique combination of high surface area, high
electrical conductive and high porosity. Upon Pt deposition, this catalyst retained 78% of its initial
electrochemically surface area (ECSA) against the 57.6 % retained by Pt/C following accelerated
stability tests (ASTs) and displayed 21% higher ORR mass activity (at 0.9V vs. RHE) compared
to commercial Pt/C. This marked improvement resulted from engineered strong metal support
interactions (SMSI), which were confirmed experimentally by XPS measurements. Further, a
kinetic model applied to quantify the impact of the SMSI found that the reaction rate constant (k1)
for the direct 4-electron transfer pathway to produce H2O was significantly larger in Pt/aerogelNTO as compared to Pt/C. However, the rise in electrode ohmic resistance and non-electrode
concentration overpotential indicate that improving the conductivity of catalyst layer and
mitigating the mass transfer resistance in the layer structure are critical steps in the development
of metal oxide supported catalyst in PEMFCs. Therefore, I developed a novel catalyst-seededsupport technique to synthesize the Pt seeded antimony doped tin oxide (Pt-aerogel-ATO). Pt
supported on Pt-aerogel-ATO exhibited 20% higher peak power density than Pt/C. Analysis of the
ohmic and mass transfer losses in PEMFCs indicated that the seeding technique improved support
particle dispersion and enhances catalyst layer uniformity. The denser catalysts result in a thinner
catalyst layer reducing the electrode resistance and the mass transfer resistance in the catalyst layer.
To further enhance the catalyst performance, the different deposition methods were evaluated and
optimized for different supports. Amongst these methods Pt deposited using atomic layer
deposition (ALD) on ATO is shown to yield an extremely stable ORR catalyst with high surface

xiv

area and high electric conductivity. ALD was shown to yield significantly more uniform Pt
dispersion and catalyst stability compared to standard wet chemical methods. This resulted in
superior PEMFC performance compared to commercial Pt/C catalyst. Thus, I have synthesized a
series of highly durable mixed-metal oxide catalyst supports which exhibit SMSI with the Pt
catalyst, resulting in a series of highly active (superior to state-of-the-art Pt/C) and durable ORR
electrocatalysts for PEMFCs.
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Chapter 1: Introduction

1

1.1 Background
The problem of the climate change and energy security necessitates the urgent exploration of new
energy technology to replace the petroleum-based energy resource system. Because of high
efficiencies and low emission, fuel cell technologies become one of the promised candidates to
replace the traditional power supplier.1-3 A fuel cell is a device used to convert the chemical energy
to electrical energy without an inefficient combustion step. Based on different electrolytes, there
are several different fuel cells. There have five categories of fuel cell that have been investigated
more extensively; (1) Polymer electrolyte membrane fuel cell (PEMFC), solid oxide fuel cell
(SOFC), Phosphoric acid fuel cell (PAFC), molten carbonate fuel cells (MCFCs) and alkaline fuel
cells (AFCs).4 Due to the high efficiency, fast response rate and zero emission, proton exchange
membrane fuel cells (PEMFCs) have been applied in renewable energy vehicles, portable power
sources, distributed power plants etc., with a bright future.5 The introduction of low temperature
PEMFCs will be presented here as the dissertation work will mainly focus on the component
stability in the PEMFCs.
The scheme of the single cell PEM fuel cell is shown in Figure 1.1.6 As figure shown, hydrogen
gas is fed into the anode side flow channel and diffuses through the gas diffusion layer into the
catalyst layer. In the anode catalyst layer, hydrogen gas is converted to protons and produces
electrons. The protons move through the polymer electrolyte to the cathode side and the electrons
pass through the external circle to reach the cathode side. In the cathode side the fed oxygen
combines with protons and electrons to form water. The reaction occurs in the PEMFCs as follows:

2

Anode (oxidation):

H2 → 2 H+ + 2 e-

(1.1)

Cathode (reduction): 1/2O2 + 2 H+ + 2 e- → H2O
Overall cell reaction:

H2 + 1/2O2 → H2O

Figure 1.1. Cross section of a polymer electrolyte membrane fuel cell. 6

3

(1.2)
(1.3)

1.1.1 Proton exchange membrane fuel cell components

Figure 1.2 Basic components of proton exchange membrane fuel cell.7

Membrane
The membrane is an electronic insulator material that separates the fuel (hydrogen) and the oxidant
(oxygen). It serves as an effective barrier to reactant crossover and facilitates the transport of
protons from the anode to the cathode. Dupont created perfluorosulfonic acid in 1970s and
developed a series of “Nafion@” based on this material which was the most widely used membrane
in the PEMFCs. The Nafion membrane has a structure of copolymer from flororo 3,6-dioxo 4,6octane sulfonic acid with polytetra-fluorethylene (PTFE).8 The ionic group of the structure has the
significant ability to absorb which leads to hydration of polymer.9 The most important property of
the membrane is the proton conductivity which relates to the extent of the humidity of the
4

membrane. Higher extent of humidity allows higher proton conductivity . Normally, the equivalent
weight (EW) and membrane thickness are mainly property of the membrane.8,9 EW defined as
grams of dry polymer per mole of the acid group. Decreasing the EW can increase the proton
conductivity of the membrane; however, the mechanical strength will decrease.10 Reducing the
thickness of the membrane can significantly improve the performance of the membrane, because
the thinner membrane leads to lower membrane resistance and lower cost of the materials.
However, a thinner membrane will bring durability and hydrogen by-pass issues. To achieve an
applicable membrane, one always needs to balance between membrane thickness and proton
conductivity.9
Catalyst layer
The catalyst layer is the activity thin film layer consisting of carbon-supported Pt catalyst mixed
with ionic conductivity polymer, where the electrochemical reactions occur, thus the material and
structure of the catalyst layer have a major influence on the performance of the fuel cell.11 The
activity of the catalyst in the catalyst layer is influenced by the catalyst particle size, surface
morphology, electronic conductivity and support structure, which has an overriding influence on
the electrochemical kinetics of a fuel cell.11 The contact with and between catalyst support
materials will provide the electronic conductivity of the catalyst layer. The ionic conductivity
polymer in the catalyst layer provides a proton transport channel that also facilitate the water
transfer through the casualty layer. The electrochemical reactions happens on the surface of the
catalyst. Formed/required proton will transfer through the ionomer between the catalyst and
membrane, and formed water will transport from the activity sit through the ionomer. Thus, the
ionomer should be permeable to gases and water and help to induced porous structures during the
catalyst layer fabrication. Therefore, the heterogeneous structure of the catalyst layer needs to
5

satisfy the following requirements: (1) efficiency of protons transfer, (2) lower transfer resistance
for different gas reactance, (3) ability to remove the condensed water during the reaction, (4)
enough electronic conductivity. 12,13
Gas diffusion layers (GDL)
GDL mainly performs as a diffused pathway from flow channels to the catalyst layer to distribute
the reactant gas. Meanwhile, GDL will help to remove the produced water outside of the catalyst
layer to prevent the flooding issues.14 Typically, GDL is a sheet of highly porous woven carbon
fabric or carbon fiber paper in which the fiber is treated with PTFE (Teflon) to make it hydrophobic.
Based on the different application, there isa layer of high surface area carbon coated on the carbon
fiber to minimize the contact resistance between the GDL and the catalyst layer.15,16
Bipolar plate
In the fuel cell stake, the membrane electrode assembles (MEA) is sandwiched between two
bipolar plates to separate it from neighboring cells. The bipolar plate provides the electrical
conductivity between the adjacent cells also responsible for distributing reactant gas to the MEA.
The flow field on the bipolar plate needs to be carefully design to minimize the concentration
overpotential with high electrical conductivity and strong mechanical properties.17,18

6

1.2 Basic principles of the fuel cell
1.2.1 Electrochemical thermodynamics
The Ideal fuel cell performance is dictated only by the thermodynamics of the electrochemical
reaction that occurs. The overall reaction has been mentioned in previous sections. The standard
theoretical potential (E°theor) for H2/O2 cell is given by the change in Gibbs free energy (ΔG°) of
the electrochemical reaction as shown below.
𝑜
𝐸𝑡ℎ𝑒𝑜𝑟
=−

Δ𝐺 𝑜

(1.4)

𝑛𝐹

Where the n is the number of the electrons transferred
for the one molar of the fuel (n=2) and F is Faraday’s constant (96485 C/mol).
The change of Gibbs free energy for fuel cell overall reaction is the function of the temperature. It
will be -237.3kJ/mol at 25°C for equation 1.3, assuming the liquid water product and 228.1kJ/mole assuming the vapor water product, corresponding to the E°theor are 1.23V and 1.18V
respectively.
For the reaction taking place in the fuel cell, the ideal performance will be defined by the Nerst
equation as shown below:
1

𝐸𝑡ℎ𝑒𝑜𝑟 =

𝑜
𝐸𝑡ℎ𝑒𝑜𝑟

𝑅𝑇

+ (𝑛𝐹) 𝐿𝑛 (

(𝑝𝐻2 )·(𝑝𝑂2 )2
𝑝𝐻2𝑂

)

(1.5)

Where Etheor is theoretical cell voltage (V) at non-standard concentration and at temperature T,
Eotheor is theoretical cell voltage at standard concentration and at temperature T, R is gas constant
(8.314 J/mol K), T is temperature (K), F is Faraday’s constant (96485 C/mol), n is moles of
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electrons produced per mole of hydrogen reacted (n=2), pH2 pO2 pH2O are partial pressure of H2 O2
H2O respectively.

1.2.2 Polarization losses in a PEMFC

Figure 1.3. Typical PEMFC polarization curve indicating different overvoltage sources. 19

During the fuel cell operation, voltage is always less than the theoretical value, even the open
circuit voltage is still less than that (Figure 1.3). The voltage drop can be ascribed to the four
reasons4,20:
1. Fuel crossover and internal current. Although the electrolyte is only the ionic conductive
material, the small electronic conductivity of the membrane still can cause the short current,
especially when the electrolyte is ultrathin. The fuel in the anode side can penetrate through
the electrolyte and oxidize in the cathode side resulting in an electron wasting. The
combined effects of fuel crossover and an internal short current will lead to the cell
potential loss.
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2. Activation losses. This loss is mainly caused by the energy barrier which must be overcome
to make the reaction happen. The activation loss is related to temperature pressure,
concentration, and electrode properties. Assume both cathodic and anodic reactions occur
on the same electrode. The reaction obeys the Butler-Volmer equation to reflect the
relationship between the current and the potential change as shown below.
𝑖 = 𝑖0 · (exp (

𝛼𝑎 𝜂𝐹
𝑅𝑇

) − exp (−

𝑎𝑐 𝜂𝐹
𝑅𝑇

))

(1.6)

Where i is current density, i0 is the exchange current density (A/cm2), η overpotential (EEtheor, V), αa and αc is anodic and cathodic transfer coefficients.
3. Ohmic losses. Ohmic losses mainly result from the resistance in the fuel cell. This
resistance obeys the Ohm’s Law as shown below.
𝜂𝑜ℎ𝑚 = 𝑖 · 𝑅𝑜ℎ𝑚

(1.7)

In the fuel cell, the resistance consists of ionic resistance and electronic resistance. Ionic
resistance in PEMFCs come from the proton transfer resistance in the electrolyte and
electrode. Thinner membrane and higher EW ionomer have been used to mitigate the high
proton resistance in the fuel cell. The electrical resistance is associated with electrodes, gas
diffusion layers, and current collectors. In a proper assembled commercialized fuel cell,
electronic resistance are much smaller than the ionic resistance.
4. Concentration Losses. The concentration loss is caused by the consumption of the reactant
on the surface of the catalyst, which leads to a concentration gradient between the flow
bulk and electrode surface. Under this condition, the current density is limited by the rate
of reactant transfer through GDL and ionomer to the catalyst surface. The simplified
concentration loss caused by
𝜂𝑐𝑜𝑛𝑐 =

2.303𝑅𝑇
𝑛𝐹

log (i

𝑖𝑙𝑖𝑚

)

(1.8)

lim −i

9

Where ηconc is voltage loss due to concentration gradient, ilim is limiting current (A/cm2)
and it is defined as the reaction rate at which the surface concentration of reactant is zero.

1.3 Fuel cell status and challenges
Thanks to accelerated scientific and technological improvement, PEMFCs’ performance has
reached a sufficient level for industrial deployment. Honda, Toyota and Hyundai have launched
several model of fuel cell vehicles (FCVs) that are currently available on the market.21 As of
February 2019, more than 6,500 PEMFC vehicles that are currently on the road (Figure 1.2).
California leads the market in North America with around 3,000 FCVs on the road and 40
hydrogen fuel stations, and there will be 1 million FCVs on California’s roads by 2030.22

Figure 1.2. Cumulative fuel cell vehicle sales by model, January 2015 – February 201922

Although the fuel cell market is still accelerating, fuel cell systems still have several challenges
that need to be overcome. For example, the hydrogen refueling station and related system must be
10

constructed to satisfy the fuel cell vehicle’s daily use; furthermore, the cost of a fuel cell vehicle
is still too high to compete with conventional vehicles, and the fuel cell system is not yet as durable
as an internal combustion systems. This dissertation mainly focuses on the durability of the catalyst
in the fuel cell system, especially for the catalyst support stability during start-up and shut-down
of the fuel cell system.23,24

1.3.1 Degradation mechanisms of carbon supported Pt catalyst.
Pt based carbon supported materials are the most widely used catalyst in fuel cells. Under the high
acidic and oxidizing environment of PEM fuel cells, Pt has small solubility, but solubility process
is accelerated by potential cycling 25. Research using techniques of electrochemical quartz-crystal
nano balance, cyclic voltammetry and auger electron spectroscopy has shown that Pt can be
oxidized by water to form PtO in the voltage range 0.85-1.4 V (vs RHE).26,27 In addition, at >1.18V,
the formation of PtO2 on Pt(111) has also been detected

28

. Sun et al., using electrochemical

impedance spectroscopy and X-ray photoelectron spectroscopy, found that the Pt oxide film
formed above 1.3 V consists of an inner PtO layer and an outer layer of PtO2.

29

The possible

reactions associated with Pt dissolution are as follows: 30
Pt → Pt2+ + 2e−

Eo= 1.188 V

(1.10)

Pt + H2O → PtO + 2H+ + 2e−

Eo= 0.980 V

(1.11)

PtO + H2O → PtO2 + 2H+ + 2e−

Eo= 1.045 V

(1.12)

PtO + 2H+ ↔ Pt2+ + H2O

(1.13)

Several different degradation mechanisms have been identified and investigated in the past for
example, carbon corrosion, Ostwald ripening process, Pt crystallite migration and coalescence,
11

and Pt dissolution and redeposition (Figure 1.3). 31,32 In actual PEM fuel cell electrodes, dramatic
changes in Pt particle size and distribution can be observed after long-term steady-state and
potential cycling operation. Pt dissolution forms smaller particles while Pt re-deposition increases
particle size, which jointly widens the Gaussian size distribution 33-35. Furthermore, the dissolved
Pt ions from the electrode can diffuse into the membrane and form a Pt band in the membrane 36.
Pt dissolution becomes more severe for smaller Pt particle size, because higher surface energy
results in a lower dissolve potential.

Figure 1.3 Schematics of the four main processes of Pt/C nanoparticles degradation during PEMFC operation 31,32

Dramatic changes in platinum particle size and distribution, combined with the diffusion of
dissolved Pt ions, results in significant losses in active area of the Pt 37-39. Thus, some alternative
catalysts have been investigated. One is Pt alloy catalysts with Co, Cr, Cu, Fe, and Ni. Pt alloyed
with Co catalysts has been shown to be more durable because of their smaller Pt-Pt bond distances
12

and no OHads formation 39-44. Non-Pt catalysts, such as metal complexes with phthalocyanines and
porphyrines 45 or iron-based catalysts (Fe/N/C) 46, have also been studied.
In addition to platinum dissolution, carbon support corrosion also attributes in part to a loss of
electrochemical surface area (ECSA).47 If carbon is oxidized to CO2 or CO, Pt may be released
from the support, which accelerates growth in Pt particle size. Furthermore, the loss of carbon can
decrease the conductivity at the contact between the carbon and Pt, which in turn reduces the
performance and operating lifetime of fuel cell 48.
The corrosion reaction of carbon is generalized as given by the following equation 49:
C + H2O → CO2 + 2H+ + 2e−

Eo= 0.207 V vs RHE

This reaction is thermodynamically feasible but generally occurs slowly within the normal
potential range of fuel cell operation. Nonetheless, such a reaction can affect the long-term
durability of PEMFCs. The presence of Pt should also be considered because it may catalyze
carbon oxidation and enhance CO2 evolution at potentials higher than 0.9 V.50 Additional factors
that may accelerate carbon corrosion include high water content, low pH, high temperature, high
potential and high oxygen concentration.51
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Figure 1.4 Potential distribution in a cell during a start-up in air with reference to the RHE.52

The review above focused on normal conditions for an operating fuel cell, whose potential varies
between 0.3 and 1.0 V. However, during start/stop and local fuel starvation, cell potentials would
increase to 1.44 V.53 A “reverse current mechanism” illustrated in Figure1.4,52 occurs under
conditions in which hydrogen-rich regions and hydrogen-starved regions coexist in the anode
chamber of a single cell, resulting in local corrosion in the region of the cathode corresponding to
the fuel-starved region of the anode.54-57 The extremely large overpotentials lead to rapid carbon
corrosion resulting in catalyst particle detachment and aggregation, leading to significant decreases
in the electrochemical activity surface area (ECSA) and mass activity of the catalyst.

58-61

Moreover, carbon surface oxidation increases the surface hydrophilicity and compromises the
porous structure of the catalyst layer, resulting in deteriorating mass transport to the reaction sites,
undermining fuel cell performance.62 Carbon corrosion can also occur at the anode under fuel
starvation regimes with similar consequences. Thus, the phenomenon of carbon corrosion poses a
14

serious problem at both electrodes, ultimately resulting in catastrophic cell failure. The mitigation
of carbon corrosion calls for the development of corrosion-resistant (and by inference, non-carbon)
catalyst supports at the cathode.

1.3.2 Alternative materials to replace carbon as support.
Metal carbide and nitride
Transition metal carbide is one of candidate alternative materials to replace carbon as a support
for fuel cell catalyst because of high conductivity and stability in the acid environment. Liu et al.63
demonstrated that the activity of a Pt nanoparticle is enhanced on tungsten carbide compared with
a Pt/C catalyst. However, tungsten carbide is not stable under the fuel cell operation potential
window. The formed WOx during the oxygen reduction reaction (ORR) will lead to Pt detachment
and agglomeration.63 64,65 Cheng et al. using atomic layer deposition (ALD) method deposited Pt
nanoparticles on the ZrC and the catalyst exhibited 5-fold more stable and 2-fold higher activity
than Pt/C in rotating disk electrode (RDE) testing, and the author ascribed this superior
performance to the strong metal support interaction (SMSI) between the support and Pt catalyst.66
However, there has been no subsequent work to prove the high performance of Pt/ZrC can transfer
to the fuel cell application. Pt supported on TiC, NbC and SiC were also investigated for their
activity and stability, but none provided good Pt particle dispersion or reliable performance for
ORR.67-69 Metal nitride is another class of conductive material which can be considered as an
alternative material to replace carbon as a support. TiN was been widely investigated and exhibited
corrosion resistance in acidic condition as well as electrochemical stability over a wide range of
operating potential. Nan et al. developed a bi-metallic titanium nitride nanotube as stable catalyst
support and demonstrated a mass activity of 0.78A/mgPt, which is 3.6 times higher mass activity
than the commercial Pt/C, and also was retained 3.2 times greater ECSA than that of Pt/C after
15

15,000 stability cycles.70 Xiao et al. also proved there exist SMSI between a TiN based support
and Pt cluster.3 However, Luo et al. claim the interaction between the TiN and Pt inhibit the ORR
and Yang et al. showed that Pt/TiN facilitate the ORR to go through the two electron transfer
pathway which will have lower electron efficiency.71,72 Most of the metal nitride showed sufficient
stability in the RDE evaluation but few of them were tested in fuel cell operation condition.
Metal oxide
Metal oxides such as SnO2, WO2, TiO2, SiO2, and MoO2 have been investigated as substitutes for
carbon as fuel cell catalyst supports.73-77 While metal oxides lack the conductivity of carbon, the
overall stack resistance has been limited by the resistance of the fuel cell membrane (0.1S/cm).78,79
Thus, support conductivity greater than that of the membrane has been a key requirement. Despite
a lower surface area than carbon, some metal oxide supports have also been reported to enhance
the activity of Pt for the ORR due to strong metal support interaction (SMSI).80,81
Amongst these reported metal oxides, TiO2 has stood out due to its cost effectiveness, lack of
toxicity and availability. Titania can exist in three main crystallographic forms: rutile, anatase and
brookite. At room temperature, the rutile phase of TiO2 has a band gap of 3.0 eV while the anatase
phase has a band gap of 3.2 eV.82 Due to the difference in their band gaps, the conductivity of the
rutile phase of TiO2 is higher than that of the anatase phase. Stoichiometric titania is resistive, and
the presence of Ti3+ is essential for electronic conductivity. Ti3+ can be generated by 1) creating
oxygen vacancy by annealing TiO2 in a reducing atmosphere, 2) introducing dopants. Following
the above methods, the semiconductor like electronic conductivity associated with TiO2 has been
shown to increase significantly following doping with transition metals such as Zr,83 Hf,84 V,85
Nb,85-93 Ta,81,94 Cr,95 Mo,77,96 W,74 and Ru,97,98. Amongst these relatively high conductivity
candidates, early studies have shown that Nb-doped-TiO2 (NTO), Ta-doped-TiO2 (TTO), W16

doped-TiO2 (WTO) and Mo-doped-TiO2 (MTO) are stable under PEMFC operating conditions.
However, while higher than TiO2, the conductivity of W-TiO2 (0.02 S/cm) and Mo-TiO2 (2.8x104

S/cm) was found to be too low for catalyst support appications.74,77

Tin oxide (SnO2) is one of the most investigated metal oxide, with application as a solid-state gas
sensor material, oxidation catalyst, and transparent conductor.99 Also, SnO2 based catalyst support
with various transition metal dopants like Sb, Nb, Ta, and In, have been investigated and shown
to be conductive.100-105 Indeed, n-type dopants increase the free-electron concentration, and upshift
the Fermi level near the conduction band of SnO2, thereby heightening its electrical
conductivity.106 Sasaki et al. prepared electrocatalysts with different oxide supports, Pt/SnO2,
Pt/Nb–SnO2, Pt/Sb–SnO2, and Pt/Al–SnO2, as well as Pt/TiO2.107 It was demonstrated that
electrocatalysts using alternative catalyst support materials exhibit comparable electrochemical
performance to the conventional Pt/C electrocatalysts. Especially, the use of carbon-free oxidesupported electrocatalysts can be an ultimate solution to prevent the carbon corrosion problem.
Kakinuma et al. synthesized a Pt catalyst supported on Sn0.96Sb0.04O2 with a random network
structure for the cathode of the polymer electrolyte fuel cell (PEFC).108 The Sn0.96Sb0.04O2 support,
synthesized by the flame combustion method, was in the form of nanometer-sized particles with a
partially agglomerated structure similar to that of carbon black and with a high surface area, 125
m2/g. The ECSA was 50.2 m2/gPt initially, and the values were maintained at a high value during
the potential step cycle test (0.9–1.3 V).108 The oxygen reduction activity of the Pt/Sn0.96Sb0.04O2
catalyst exceeded that of Pt on carbon black. Elezovic et al. synthesized two different tin oxide
based supports, Sb–SnO2 and Ru–SnO2, by hydrazine reduction method.109,110 Pt catalysts on Sb
and Ru doped SnO2 support exhibited catalytic activities comparable to Pt on commercial carbonbased support. Stability tests were also performed. Determined small loss of electrochemical active
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surface area of the Pt catalyst on Sb doped tin oxide support, after repetitive cycling, indicated
high stability and durability of these supports for prospective fuel cells application. Most of these
doped metal oxide materials exhibit oxidative stability comparable to or better than benchmark
commercial Pt/C in a PEMFC.100,111-114 But none of them shown better fuel cell performance than
benchmark Pt/C. Meanwhile , Fabbri et al. detected a loss of Sb atoms from Sb-doped SnO2 after
an accelerated stress test (AST) composed of 1,000 potential cycles between 0.5 and 1.5 V vs.
RHE in O2-saturated electrolyte.115 This was rationalized by considering that Sb atoms segregate
to the SnO2 surface, and dissolve into the electrolyte. Cognard et al. also demonstrated that both
Sb and Sn atoms are dissolved from Sb doped SnO2 and poison the Pt activity sites, and this
process is accelerated during potential excursions at low electrode potential.116

1.4 Motivation and objectives
The insufficient lifetime of commercial fuel cell electrocatalysts is the result of the oxidation of
the carbon electrocatalyst support at the high operating potential transients encountered in fuel cell
devices. Previous attempts to address this issue by replacing carbon with alternate support
materials have been stymied by the lack of sufficient activity and stability of the resultant
electrocatalyst for fuel cell application. Furthermore, efforts towards rational design of highactivity oxygen reduction reaction (ORR) catalysts require a clear understanding of the effect of
support-catalyst interactions on the reaction mechanism. Additionally, there still exists the
challenge to translate these high-performance reports (typically measured using a rotating disk
electrode (RDE)) to an operating fuel cell.
The overarching goal of this project is to develop a stable, high-surface-area, metal-oxidesupported electrocatalyst platform that achieves high ORR and PEFC performance and lifetime.
18

The research activities that will contribute to success in achieving these targets are 1) Investigating
the effect of different metal dopants and metal dopant ratio on the materials’ electronic
conductivity; 2) Evaluate, select, and optimize different synthesis methods to fit various metal
dopant combinations; 3) Identify deposition methods to obtain smaller Pt particle size and well
dispersed Pt clusters; 4) Set up electrochemical models to analyze the effect of interaction between
the support and the Pt catalyst for the oxygen reduction reaction; 5) Evaluate the metal oxide
supported catalyst performance in PEMFC and investigate the influence of porosity and
conductivity of the support on fuel cell performance.
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Abstract
Commercial fuel cell electrocatalyst degradation is the result of carbon electrocatalyst support
oxidation at the high operating potential transients in these devices. Attempts to replace carbon
with alternative support materials have been stymied by the insufficient activity and stability of
the resultant electrocatalyst. Guided by density functional theory (DFT), we have synthesized Nbdoped-TiO2 (NTO) that exhibits a unique combination of high surface area, high electrical
conductivity and high porosity. This catalyst retained 78% of its initial electrochemically active
surface area (ECSA) against the 57.6% retained by Pt/C following DOE/FCCJ protocol accelerated
stability tests (ASTs) and displayed 21% higher ORR mass activity (at 0.9V vs. RHE) compared
to commercial Pt/C. This resulted from engineered strong metal support interactions (SMSI),
which were predicted by DFT calculations and confirmed experimentally by XPS measurements.
Further, a kinetic model applied to quantify the impact of the SMSI found that the reaction rate
constant (k1) for the direct 4-electron transfer pathway to produce H2O was significantly larger in
Pt/aerogel-NTO as compared to Pt/C. The ex-situ activity and durability of Pt/NTO translated to
a fuel cell. The rise in electrode ohmic resistance and non-electrode concentration overpotential
indicate that improving the conductivity of NTO and optimizing the catalyst ink formulation are
critical next steps in the development of Pt/NTO catalyzed PEMFCs.
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2.1 Introduction
Proton exchange membrane fuel cells (PEMFCs) are a promising portable power source due to
their advantages of low operating temperature, minimal emissions and rapid startup, with the first
commercial PEMFC electric vehicles introduced into the automotive market in recent years.
However, several challenges remain concerning lifetime, reliability, and ultimately, cost. A critical
issue is PEMFC component durability.1 Platinum supported on high surface area carbon has been
one of the most widely used electrocatalysts in PEMFCs with the carbon support allowing for good
dispersion of the platinum particles (2-3nm) and relatively high activity for the oxygen reduction
reaction (ORR).2 However, carbon corrosion over the course of normal PEMFC operation occurs
due to the relatively low standard electrode potential for carbon oxidation (0.207V vs. standard
hydrogen electrode).3 This problem is aggravated during the start-up and shut-down of a PEMFC
automotive stack, as the potential of the cathode can reach up to 1.5V vs. RHE by the well-known
hydrogen-front (reverse-current decay) mechanism.4 Likewise, under fuel starvation conditions
during operation, similar excursions in potential have been observed at the anode. The extremely
large overpotentials thus generated lead to rapid carbon corrosion. As result of carbon corrosion,
the catalyst particles detach from the support and aggregate, causing significant decreases in the
electrochemically activity surface area (ECSA) and mass activity of the catalyst. 1,5 Moreover,
carbon surface oxidation increases the surface hydrophilicity and compromises the porous
structure of the catalyst layer, leading to deteriorating mass transport to the reaction sites,
undermining fuel cell performance.6 Thus, the phenomenon of carbon corrosion poses a serious
problem at both electrodes (with the ultimate consequence being catastrophic cell failure). The
mitigation of carbon corrosion calls for the development of corrosion-resistant (and by inference,
non-carbon) catalyst supports at the cathode.
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Numerous studies have investigated alternative electrocatalyst supports to replace carbon, with
oxides, nitrides and carbides receiving significant attention.7-17 The conductivity, surface area and
durability of these alternative supports are key metrics to evaluate their suitability to replace carbon.
Several of these potential support candidates lack the high conductivity of carbon but are usable
in practice as the overall stack resistance is largely limited by the resistance of the membrane
(0.1S/cm).18,19 Thus, having support electronic conductivity greater (preferably 5-10x) than that of
the membrane ionic conductivity is a key minimal requirement for any alternate catalyst support
material.
Despite having lower surface area than carbon, some metal oxide supports have also been reported
to enhance the activity of Pt for the ORR due to strong metal support interactions (SMSI).20,21
Amongst these reported metal oxides, TiO2 has stood out due to its cost effectiveness, lack of
toxicity and ready availability. The semiconductor-like electronic conductivity associated with
TiO2 has been shown to increase significantly following doping with transition metals such as Zr,22
Hf,23 V,24 Nb,24-32 Ta,21,33 Cr,34 Mo,17,35 W,14 and Ru,36,37. Nb-doped TiO2 has been deemed
especially promising due to its relatively high conductivity and possible electrochemical stability.
However, the required combination of stability, conductivity and high surface area has eluded
these prior reports. 25-28,31,32,38,39
Herein we report the aerogel synthesis (used in conjunction with post-processing in a supercritical
CO2 dryer) of high surface area, highly conductive and large pore volume Nb-doped-TiO2
(aerogel-NTO). This is the first report of a synthesis procedure that achieves high values of all
three parameters at the same time. We illustrate the impact of the synthesis procedure by
comparing the support physical properties achieved using an aerogel route and a sol-gel route. The
aerogel-based support was found to be stable under stringent start-up/shut-down stability cycling
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protocols and served to improve the catalytic activity of Pt deposited on it due to SMSI. The SMSI
was predicted by density functional theory (DFT) calculations. Macro-scale kinetic measurements
using a rotating ring-disk electrode (RRDE),40,41 in concert with electronic structure determination
using XPS conclusively demonstrated the occurrence of SMSI between support and the Pt cluster.
The reduction in the Pt4f electron binding energy observed in the XPS measurements aided the
facile filling of the higher energy 2p 𝝈∗orbitals of O2, thereby leading to the improved 4-electron
transfer kinetics and improved overall activity observed using the RRDE. In a H2/O2 fuel cell the
Pt/NTO catalyst exhibited 26% higher mass activity at 0.9V compared to Pt/C and lost 23% of its
ECSA as opposed to a 51% loss for Pt/C. Thus, we demonstrate herein a highly selective and
durable electrocatalyst for the oxygen reduction reaction in PEMFCs.

2.2 Experimental methods
2.2.1. Preparation of Nb-doped-TiO2
Aerogel synthesis
The precursors, 3.2 mL of titanium chloride (99.9%, ACROS organics) and 3.1 mL of niobium
ethoxide (99.95%, Sigma-Aldrich), were dissolved in 75 mL of absolute ethanol followed by
addition of 1.5 mL of de-ionized (DI) water. Following 15 minutes of stirring, 12 mL of propylene
oxide (99.5%, ACROS organics) was added dropwise to the precursor solution at room
temperature with constant stirring at 100 rpm with a Teflon® coated stirrer. This resulted in the
formation of a monolithic and translucent Nb-TiO2 alcogel within a few minutes. The resultant
gel was aged for 10 hours at room temperature, and the alcohol-based solvent exchanged multiple
times with acetone over a period of one week. The acetone was removed from the gels by
supercritical CO2 extraction (45 °C and 4000 psi) using a SFT-100 supercritical dryer
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(Supercritical Fluid Technologies, Inc.). The resultant aerogel was annealed at 900°C under a
constant flow of 5% H2 in a N2 carrier gas for 3 hours.
Sol-gel synthesis
3 mL of titanium(IV) isopropoxide (98+%, ACROS Organics) and the required amount of
niobium(V) ethoxide (99.95%,ACROS Organics) were dissolved in 100mL absolute ethanol under
a N2 atmosphere. The solution was stirred at room temperature for 10 minutes, followed by
dropwise addition of a deionized water/ethanol solution (1:1 Vol.). After 2 hours, a white solid
precipitate was obtained. The product was recovered by filtration, washed with abundant DI water,
and subsequently washed four times with acetone. The solid was dried in an oven at 60°C over 12
hours. The resultant gel was annealed at 900°C under a constant flow of 5% H2 in a N2 carrier gas
for 3 hours.

2.2.2. Deposition of Pt on Nb-doped-TiO2
A well-mixed suspension of 0.5g of NTO in 150 mL of DI water was prepared by 30 minutes of
sonication. This was followed by the simultaneous addition of 0.23g of Chloroplatinic acid
hexahydrate (≥37.50% Pt basis, Sigma Aldrich) and 7.2 mL of formic acid (98+%, ACROS
organics) into the suspension at room temperature. The chloroplatinic acid was reduced to
platinum by heating the mixture to 70°C and subsequently maintaining it at 80 °C for 15 minutes
under constant stirring. The product was obtained by vacuum filtration (after allowing sufficient
time for the product to reach room temperature), washed several times with DI water, and then
dried overnight in a vacuum oven at 60°C.

34

2.2.3 Physical characterizations of Nb-doped-TiO2 and Pt/Nb-doped-TiO2
The particle structure and composition were investigated using a TEM (JEOL F2100). This TEM
was equipped with a LaB6 emitter, ThermoNoran Energy Dispersive X-ray Spectroscopy (EDXS)
system and a Gatan Model 666 parallel electron energy loss spectrometer (PEELS) system, which
were utilized to obtain elemental maps and crystal structure parameters. The change in
composition over the course of the stability test was analyzed using ex-situ XPS (Physical
Electronics 5000 VersaProbe II). The Brunauer-Emmett-Teller (BET)-specific surface area of the
support was obtained based on multipoint analysis of the nitrogen desorption isotherm using a
commercial BET analyzer (Quantochrome 300e BET analyzer). The conductivity of the samples
was measured by compressing the sample powder between the two copper electrodes of an inhouse, custom-made conductivity cell and performing electrochemical impedance spectroscopic
(EIS) measurements on the pellets. The conductivity was obtained from the high-frequency
intercept.

2.2.4. Electrochemical measurements
Preparation of the thin-film rotating disk electrode (RDE)
The Pt/NTO thin film RDE (Pine instruments, E6R1) was prepared by the deposition of a catalyst
ink prepared by dispersing 14 mg of the catalyst in a mixture of 3 mL of DI water, 3 mL of
isopropyl alcohol, and 100 µL of Nafion® solution (5 wt% Nafion; 1100 EW; Solution
Technologies, Mendenhall, PA). After 10 minutes of ultrasonication (Qsonica Q700) in an ice bath,
7.4 µL of ink was deposited onto a polished glassy carbon (GC) disk electrode (5mm diameter)
and dried at room temperature. This procedure resulted in a Pt loading of 17.2 μgPt·cm-2disk on the
GC electrode. A similar procedure was employed to make the inks and electrodes for Pt/C
(TEC10E50E 46.5%Pt; sourced from Tanaka, K. K.) to maintain a uniform loading of Pt across
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the multiple catalyst being compared. A lower loading of 10 μgPt·cm-2disk was utilized for the
RRDE measurements.
Voltammetric measurements
The rotating ring-disk electrode (RRDE) system (Pine instruments, E6R1 ChangeDisk RRDE)
used herein consisted of a glassy carbon disk (with thin-films of the catalysts deposited thereon)
surrounded by a concentric platinum ring. The setup has been rated to have a collection efficiency
of 25%, which was verified to be 26.8% by experiments with the ferrocyanide/ferricyanide couple
(electronic supplementary information section 1). The RRDE is an ideal system to unravel
complex reaction pathways, with the ability to identify intermediates produced over the course of
a reaction by holding the ring at potentials wherein the reduction products are oxidized (or vice
versa).42 The hydrodynamics of the RRDE ensure that desorbed intermediates or products from
the disk are swept towards the ring. A suitable choice of ring potential combined with a kinetic
model allows for the deconvolution of relatively complex reaction mechanisms. RRDE
measurements were carried out by sweeping the potential between 0.5V to 1.1V on a GC disk
(0.196 cm2) with a Pt loading of 10 μgPt·cm-2disk in the oxygen saturated 0.1M HClO4 electrolyte
with a scan rate of 1 mV·s-1, under different rotation rates (400rpm, 900rpm, 1600rpm, 2500rpm),
while the Pt ring (0.11m2) was held at 1.314V vs. RHE. Further analysis to obtain the rate constants
of the elementary reaction steps was performed within the mixed potential region. Prior to each
voltammetric scan, the disk electrode was held at 0.1V vs RHE for 2 minutes to ensure the
reduction of any PtO that may have been formed.
Kinetic measurements
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The rotating ring-disk electrode (RRDE) system (Pine instruments, E6R1 ChangeDisk RRDE)
used herein consisted of a glass carbon disk (with thin-films of the catalysts deposited thereon)
surrounded by a concentric platinum ring. The setup has been rated to have a collection efficiency
of 25%, which was verified to be 26.8% by experiments with the ferrocyanide/ferricyanide couple
(Appendix I). The RRDE is an ideal system to unravel complex reaction pathways, with the ability
to identify intermediates produced over the course of a reaction by holding the ring at potentials
wherein the reduction products are oxidized (or vice versa).42 The hydrodynamics of the RRDE
ensure that desorbed intermediates or products from the disk are swept towards the ring and with
a suitable choice of ring potential combined with a kinetic model allows for the deconvolution of
relatively complex reaction mechanisms. RRDE measurements were carried out by sweeping the
potential between 0.5V to 1.1V on a GC disk (0.19634cm2) with a Pt loading of 10 μgPt·cm-2disk in
the oxygen saturated 0.1M HClO4 electrolyte with a scan rate of 1 mV·s-1, under different rotation
rates (400rpm, 900rpm, 1600rpm, 2500rpm), while the Pt ring (0.11m2) was held at 1.314V vs.
RHE. Further analysis to obtain the rate constants of the elementary reaction steps was narrowed
to the mixed potential region. Prior to each voltammetric scan, the disk electrode was held at 0.1V
vs RHE for 2 minutes to ensure the reduction of any PtO that may have been formed.
Evaluation of catalyst stability
The corrosion rate of catalyst support is greatly influenced by the operation conditions, with the
cathode reaching a potential of 1.5V vs RHE by the “hydrogen-front” mechanism during fuel cell
start-up and shut-down.43 The start-up/shut-down accelerated stability protocol was employed to
evaluate the catalyst support electrochemical stability under conditions resembling the voltage
spikes encountered during start-up and shut-down in an operating fuel cell. During the test, the
working electrode (consisting of a thin-film of catalyst deposited onto a GC electrode) potential
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was cycled between 1 V to 1.5 V vs. SHE at a scan rate of 500 mV/s for 10,000 cycles to
aggressively simulate the startup-shutdown transients occurring during PEMFC operation. The test
was performed in N2-saturated 0.1 M HClO4 electrolyte at room temperature. Over the course of
this stability test, any changes in the ECSA was monitored using cyclic voltammetry (CV; scan
rate of 20mV/s) recorded periodically after 0, 50, 100, 200, 500, 1000, 2000, 5000, 10000 cycles.
The initial sample, and samples obtained after 1000 cycles and 10,000 cycles of the stability
protocol were collected and centrifuged with isopropanol and DI water to remove the binder in
preparation for further characterization by TEM and XPS.

2.2.5. Fuel cell testing
Preparation of MEAs
0.3 g of 46.5% Pt/C (Tananka K.K. TEC10E50E) or metal oxide support catalyst was wetted with
a few drops of DI water, 6 mL of methanol was added to the wet catalyst followed by 2.57 g of
Nafion 1100 solution (5wt% Sigma Aldrich) followed by sonication for 10min in an ice bath.
MEAs were prepared by hand spraying the sonicated ink onto GDLs with 5cm2 of active area. The
Pt loading at the cathode side was 0.2mg·cm-2 with metal oxide supported catalyst or Pt/C and Pt
loading at the anode side was 0.1mg·cm-2 with Pt/C. Nafion 211 separator was sandwiched
between the anode and cathode gas diffusion electrodes (GDEs) and the entire assembly was hot
pressed at 120°C for 1min at a 4 Mpa. The resultant MEAs were used for fuel cell testing.
MEA performance.
Polarization curves were obtained using fuel cell test station model 850C (Scribner Associates,
Inc.). Before testing for fuel cell polarization, LSVs and CVs were measured and cell conditioning
was carried out. LSV was performed by passing 200 cc min-1 H2 through the anode and 200 cc
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min-1 N2 through the cathode and measuring the current while scanning the working electrode
(cathode) potential from 0.05 to 0.8 V vs. the anode pseudo-reference electrode at a scan rate of 2
mV s-1. This was done to ensure MEA integrity was uncompromised due to either excessive
hydrogen crossover or internal short circuit or both. Before measuring CV, cathode potential
cycling was performed at 100 mV s-1 from 0 to 1.2 V for at least 20 cycles to standardize the
electrode surface. The CV experiment was then performed by passing 200 cc min-1 H2 through the
anode and 200 cc min-1 N2 through the cathode and measuring current while cycling the working
electrode (cathode) potential from 0.05V to 0.8 V vs. the anode pseudo reference at a scan rate of
20 mVs-1. The electrochemically active surface area (ECSA) was calculated from the hydrogen
desorption peak on the CV.
Fuel cell polarization experiments were performed after conditioning the MEA by holding the cell
at a constant voltage of 0.55 V for 90 min to ensure stable operation. The polarization data was
obtained at 80 °C and 80% RH using H2 as the fuel and O2, air as oxidant with 100 kPa back
pressure on both sides. The gases were passed at a stoichiometric ratio of 2 with minimum flow
maintained at 100 cc min-1. The current was then scanned from open circuit to a value where the
cell voltage dropped below 0.2 V, with each current density maintained for 2 minutes and an
average of three measurements were recorded at each current value.
The AST protocol employed in this fuel cell test was same as on the RDE with the tests performed
in H2/N2 mode at 80°C 100% RH. After the stability test, the MEA polarization curve was again
obtained using H2 as fuel, air and O2 as oxidants, as described earlier.
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2.3. Results and Discussion
2.3.1 Materials characterization

Figure 2.1. Effect of different Nb:Ti ratio on (a, b) electrical conductivity, B.E.T. surface area and (c) pore volume
of (a) Aerogel synthesized Nb-doped-TiO2 and (b) Sol-gel synthesized Nb-doped-TiO2. TEM of (d) Aerogel-NTO,
(e) Sol-gel-NTO, (f) Pt/aerogel-NTO and (g) Pt/sol-gel-NTO.
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The electronic conductivity and B.E.T. surface area for aerogel-based catalyst supports
synthesized with different ratios of Nb to Ti were measured, with the results depicted in Figure
2.1(a). The conductivity of the NTO support was found to increase with the Nb ratio, and the
highest conductivity (~300mS/cm) was obtained for a Nb:Ti ratio of 3:7, with further increases
in the Nb content resulting in a loss of conductivity. Thus, a 3:7 ratio of Nb to Ti was chosen to
maximize the conductivity of the support. The BET surface area was found to increase with
increasing Nb content until an Nb:Ti ratio of 2:8, with the BET surface area plateauing out
thereafter. The support with 3:7 ratio of Nb:Ti was selected as catalyst support for further study.
As a comparison, sol-gel based NTO was synthesized and similarly characterized as shown in
the Figure 2.1(b), both electrical conductivity and surface area followed the same trend as the
aerogel-NTO with the variation of the Nb to Ti ratio. The lack of a supercritical drying step was
found to have a significant impact on the BET surface area, with the sol-gel-NTO yielding a
maximum BET surface area of 15m2/g compared to 140m2/g achieved with the aerogel method
for the same ratio of Nb to Ti. One advantage of the sol-gel method was the comparatively
higher electrical conductivity achieved. Nonetheless, once the support conductivity exceeds 0.10.2 S/cm, it is no longer the largest resistive contributor and hence parameters such as the surface
area and pore volume are more critical to ensure greater catalyst dispersion. Figure 2.1(c) depicts
the variation of pore volume with Nb:Ti ratio for the aerogel-NTO and sol-gel-NTO. The pore
volume resulting from the aerogel synthesis route was 20 times higher than that obtained with
the sol-gel method. The high surface area and porosity can be ascribed to the low surface tension
of supercritical carbon dioxide which helped maintain the surface area and porosity during the
supercritical drying process.44 From the TEM images of aerogel-NTO (Figure 2.1(d, e)) and solgel-NTO (Figure 2.1(f, g)) it was observed that aerogel-NTO particles exhibited obscured lattice
41

fringes, indicating a low degree of crystallinity and
the presence of a significant amount of defects. In
contrast, sol-gel-NTO particle exhibited a well
crystallized structure, and larger particle sizes
corresponding to lower surface area and lower pore
volume. Upon Pt deposition, the Pt particles on
aerogel-NTO were significantly smaller than the
particles on the sol-gel NTO as seen from Figures
2.1(f) and 2.1(g). Pt/aerogel-NTO was further
characterized.
The TEM (Figures 2.2(a) and 2.2(b)) images of the
Pt/aerogel-NTO catalyst showed that the aerogelNTO particles were crystalline with a 15±5nm
particle size, with a lattice spacing of 0.24 nm
corresponding to the rutile (101) phase. On the
surface of the aerogel-NTO support, an ~1nm
surface layer with an unresolved lattice indicted the
presence of an amorphous surface layer. The
preponderance of the rutile phase as opposed to the
anatase phase is an artefact of the annealing process
Figure 2.2. Micrographs of Pt/Nb-doped-TiO2
using a - (a) and (b) TEM, (c) and (d)STEM; (e-g)
EELS elemental mapping of O, Ti, Nb; (h)STEM
micrograph of Pt/Nb-doped-TiO2. (i) EELS
mapping of Nb to Ti elemental ratio along the
radius of the support (scan line shown in panel (h)).

used during synthesis of the supports. The
annealing temperature was found to have a
significant effect on the electrical conductivity of
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the support and 800⁰C was found to yield the best possible electrical conductivity with minimal
further improvements (within experimental error) at higher annealing temperatures (Appendix I
Figure A2.2).
From Figure 2.2(b-d), it is seen that Pt existed in monodispersed clusters on the aerogel-NTO
support, with a particle size of 3.0±0.4nm. The variation in the NTO and Pt particle sizes and the
density of Pt coverage on the support surface showed variability typical of normal sample
variation. To investigate the compositional distribution of the catalyst, scanning transmission
electron microscopy (STEM) enabled electron energy loss spectrometer (EELS) mapping was
used. Figures 2.2(e)-2.2(g) depict the resultant elemental maps. The atomic ratio between Ti, Nb
and O was calculated by using the continuum portion of the L-edges of Ti, M-edges of Nb, and
the K-edges of O. The statistical distribution of ratio Nb to Ti along a single NTO particle was
recoded from the EELS mapping data and it was observed and recorded that the ratio of Nb near
the surface was ~2 times higher than that in the center (Figure 2.2(i)). This dopant segregation to
the amorphous surface layer has been previously reported and is believed to result from the
exposure of the surface to a reducing environment over the course of annealing the support.
25,29,45

The effect of the reducing conditions on the conductivity of NTO was examined and is

reported in the Electronic Supplementary Information (Section 1). Prior theoretical predictions
regarding the role of O2 vacancies in the conductivity of NTO were confirmed.
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Figure 2.3 XPS spectra at the Pt 4f region of Pt/aerogel-NTO and Pt/C.

Figure 2.3 compares the Pt4f XPS spectra of Pt/C and Pt/aerogel-NTO. The peak of Pt4f7/2 and
Pt4f5/2 displayed an area ratio of 4:3 and the spin orbit splitting was located at 3.33eV. The Pt4f
binding energy (B.E.) of Pt/aerogel-NTO was observed to decrease by 625 meV compared with
that of Pt/C. The lower B.E. resulted from the modification of the Pt electronic structure by
ligand effect interactions with the doped metal oxide.46 The decreased Pt4f B.E. has been
reported for Pt deposited on other doped metal oxides with further reports of higher surface
coverage density, both of which serve to increase catalytic activity.46,47 Thus, the XPS data
confirmed the existence of SMSI in Pt/aerogel-NTO and efforts were made to quantify the
impact of the SMSI on the kinetics of the ORR.
44

2.3.2 Electrochemically active surface area (ECSA) and catalytic activity

Figure 2.4. (a)Cyclic voltammograms of Pt/aerogel-NTO, Pt/sol-gel-NTO and Pt/C (TTK) on 0.1964 cm2 GC disk
(catalyst loading = 17.2 mg·cm-2Pt) at room temperature in N2 saturated 0.1M HClO4 at a sweep rate of 50mV·s-1;
(b) Comparison of ORR polarization curves on Pt/aerogel-NTO, Pt/sol-gel-NTO and Pt/C in O2-saturated 0.1M
HClO4 at 20mV·s-1.

Cyclic voltammograms (Figure 2.4(a)) were recorded with Pt/aerogel-NTO, Pt/sol-gel-NTO and
Pt/C(TTK) thin-film RDEs in N2-saturated 0.1M HClO4 to measure the electrochemical active
surface area (ECSA). To calculate the ECSA, the charge corresponding to desorption of a full
monolayer of hydrogen from polycrystalline Pt was assumed to be 210μC/cm2. The ECSA of
platinum was calculated using followed equation (Equation 2.1):
𝑄𝐻−𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
𝐸𝐶𝑆𝐴 = [
]
210𝐿𝑃𝑡 𝐴𝑔

(2.1)

Where, QH-adsorption was the Hupd adsorption/desorption charge calculated from the CV, LPt was the
loading of Pt (mgPt·cm−2) on the working electrode and Ag (cm2) was the geometric area of the
working electrode. The ECSA of Pt/aerogel-NTO (Nb:Ti=3:7) and Pt/sol-gel-NTO (Nb:Ti=3:7)
was found to be 43m2·gPt-1 and 14m2·gPt-1 respectively, whereas the Pt/C catalyst had an ECSA of
83 m2·gPt-1. The variation in ECSA between the different electrodes was attributed to the difference
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in Pt particle size and ionomer distribution between them, wherein, the comparatively low ECSA
of Pt/so-gel-NTO can be ascribed to the lower surface area of sol-gel NTO leading to severe
agglomeration of Pt particles during the Pt deposition process.
The ORR activity of Pt/aerogel-NTO and Pt/sol-gel-NTO was measured and compared to the Pt/C
standard. Figure 2.4(b) shows the positive-going LSVs of Pt/aerogel-NTO, Pt/so-gel-NTO and
Pt/C at 1600 rpm wherein the mass activity of Pt/aerogel-NTO and Pt/sol-gel-NTO was measured
to be 150mA/mgPt and 43mA/ mgPt (at 0.9V vs. RHE) respectively, and area-specific activity was
349µA/cm2Pt and 307µA/cm2Pt (at 0.9V vs. RHE) respectively, in comparison to the Pt/C massand area-specific- activities of 124mA/mgPt (at 0.9V vs. RHE) and 149µA/cm2Pt (at 0.9V vs. RHE)
respectively which was found to be consistent with values reported in the literature.48 This higher
ORR activity in the case of Pt/aerogel-NTO can be ascribed to the SMSI (predicted by DFT
calculations and confirmed using XPS) between the NTO support and the Pt nanoparticle clusters
by a ligand interaction mechanism.21,33,47 The Pt/aerogel-NTO was found to exhibit higher surface
area and Pt dispersion as compared to Pt/sol-gel-NTO and was found to have a significantly higher
mass activity. Thus, all further analysis was carried out using the superior Pt/aerogel-NTO. Unless
otherwise mentioned, all references to Pt/NTO here on out should be taken to refer to Pt/aerogelNTO.

2.3.3 Koutecky-Levich plots
The kinetics of the ORR on Pt/C and Pt/aerogel-NTO was initially analyzed based on LSVs
recorded at various rotation rates (400, 900, 1600 and 2500 rpm). The Koutecky-Levich (K-L)
equation was employed to deconvolute the kinetic- and limiting current contributions. The
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Koutecky-Levich equation (Equation 2.2) relates the observed disk currents (or current densities)
in the mixed regime to the rotation rate ω as follows:
𝟏
𝒊

𝟏

𝟏

𝟏

𝟏

𝒌

𝟐
𝟏 𝟏
−
𝟎.𝟔𝟐𝒏𝑭𝑫𝟑𝑶 𝝎𝟐 𝝂 𝟔 𝑪𝑶𝟐
𝟐

=𝒊 +𝒊 =𝒊 +
𝒌

𝑳

(2.2)

Where i is the measured current density (mA cm-2); ik is the kinetic current density; iL is the masstransport limited current density; n is the number of the electrons transferred during the oxygen
reduction reaction; F is the Faraday constant (96,485 C·mol-1); 𝐷𝑂2 is the diffusion coefficient of
the oxygen in the electrolyte (1.93x10-5 cm2·s-1); 𝜔 is rotation rate; 𝜈 is the kinematic viscosity of
the electrolyte (0.01cm2·s-1); CO2 is the concentration of O2 in the 0.1 HClO4 solution (1.2x10-6
mol·cm-1). From the above equation, it is apparent that plots of 1/i vs. 1/ω1/2 (also called a
Koutecky-Levich (K-L) plot) result in straight lines whose slope can be used to calculate the
number of electrons transferred if the relevant electrolyte properties are known. Figures A2.4
show the calculated number of electrons across the mixed-control region of the LSV sweeps of
Pt/C and Pt/aerogel-NTO, with the corresponding K-L plots as insets. Neither catalyst displayed
kinetics wherein complete 4-electron reduction of O2 occurred. Thus, it was inferred that endproducts other than H2O were produced over the course of the well-understood series and parallel
reactions constituting the ORR in acidic conditions,49-51 Precluding any reactions with cations
other than H+, the possible elementary steps in the ORR are illustrated in Figure 2.5. The chemical
decomposition of H2O2 to O2 and the possible equilibriums in each of the steps in the mechanism
are not considered due to the expected low concentration of H2O2 at the surface (due to constant
convection) and the overpotential driving the reactions forward respectively.49 Thus, the
competition between the 2-electron reaction to produce H2O2 and the 4-electron (series and parallel)
reaction to produce H2O resulted in 3.975- and 3.95-electrons transferred on average on Pt/aerogel47

NTO and Pt/C respectively and indicated that 1.25% and 2.5% respectively of the O2 adsorbed on
the surfaces of Pt/aerogel-NTO and Pt/C produced H2O2. This reduction in the H2O2 production
on the NTO support was attributed to changes in the surface adsorption properties of Pt due to
SMSI with the NTO support as compared to C.

Figure 2.5. Proposed reaction scheme and its elucidation using a rotating ring-disk electrode (RRDE).
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2.3.4 Electrokinetic modelling

Figure 2.6. Rotating ring-disk voltammograms on (a) Pt/aerogel-NTO, (b) Pt/C; id/ir vs. ω^(1/2) plot for ORR on (c)
Pt/aerogel-NTO, (d) Pt/C; idl/(idl-id) vs. ω^(1/2) plot for ORR on (e) Pt/aerogel-NTO, (f) Pt/C. (g) Measured
elementary reaction rate constants k1, k2, k3 (for nomenclature refer to Figure 2.5) as a function of potential in the
kinetic-controlled region.
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Pt/NTO was established to display SMSI behavior by direct measurement of the difference
between the Pt4f binding energies on Pt/C and Pt/aerogel-NTO. The existence of SMSI was further
evident from its impact on intermediate adsorption, as indirectly deduced from the K-L plot
calculations. To quantify the impact of this effect on the ORR mechanism and to deconvolute the
reaction pathways followed to arrive at the total number of electrons transferred (obtained from
the K-L plot), a standard kinetic model was applied in conjunction with experimental RRDE
measurements.49,52 Figure 2.6(a, b) depicts the RRDE voltammograms wherein the disk potential
has been swept from 1V to 0.5V vs. RHE with the ring held at 1.3V vs. RHE. The currents were
recorded at different rotation rates to examine the competition between the intermediate desorption
rate and the rate of further reaction of the intermediate (if any).
Damjanovic et al. examined the effect of the nature of the intermediate and the elementary reaction
pathways on the iD/iR vs. ω-1/2 plots (Figure 2.6 (c.d)) obtained from the RRDE measurements.3
The possible reaction mechanisms fall into four broad categories (i)

Series reactions with non-reacting products: Consider a simple electrochemical reaction
such as A + e- → B with no further reaction of B. Upon rotation of the electrode, subject
to the physical constraint of the collection efficiency of the system, all the reduction
products would be oxidized at the ring. The ring current would not be a function of the
rotation rate as there would be no other reaction consuming B, with the only limitation on
the ring current being the kinetics of the disk reaction. Thus, a plot of iD/iR vs. ω-1/2 would
result in a single straight line parallel to the x-axis, an intercept of 1/N and the plots at
various potentials overlapping. All other cases, with possible occurrence of side or parallel
reactions and the deposition of the product on the disc or its precipitation, would result in
deviation from this ideal.
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(ii)

Series reactions with reactive intermediates: The second case examined was that of
intermediates that react further (A + e- → B + e- → C). In this case the ring current is
transport limited due to competition between further reduction to C and transport followed
by subsequent oxidation at the ring. This transport limitation would approach a limit at a
hypothetical infinite rotation rate. Thus, the iD/iR vs. ω-1/2 plots would be straight lines that
diverge from an intercept of 1/N at ω-1/2 = 0.

(iii)

Parallel reactions with non-reactive products: The third case considered consists of two
reactions A + e- → B and A + e- → C occurring in parallel, wherein B and C are nonreactive. The selectivity would depend on the equilibrium potential of these two reactions,
with the overall disk current being a function of the combined rates of both reactions at a
given potential. Since the products are not reactive, the ring current is only limited by the
reduction kinetics on the disk. Thus, the iD/iR vs. ω-1/2 plots would not show variations in
slope with variations in rotation rate similar to case 1 but they would display variations in
intercept with potential due to the changing extent of the two parallel reactions.

(iv)

Parallel reactions with reactive intermediates: Similar arguments as for case 2 were
found to apply for the case where A + e- → B + e- → C and A + 2e- → C. But now the iD/iR
vs. ω-1/2 plots with different slopes at different potentials, would not converge to a common
intercept at infinite rotation rate as the ring current is not only constrained by the transport
but also by the overall disk current being a function of the combined rates of both reactions
at a given potential.

Elementary reaction rate constants
Wroblowa et al. developed mechanistic criterion to distinguish between the series mechanism (k2
and k3) and the parallel mechanism (k1) extending the work of Damjanovic et al..52,53 Hsueh et al.
considered several possible variations of the ORR mechanism and derived the equations describing
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the rate constants associated with them.49 The model applied here was derived from Hsueh et al.,
and therein the equilibrium was assumed to be shifted far in the forward direction due to the applied
overpotential and the decomposition of H2O2 to form O2 was neglected.49 Consider the schematic
in Figure . At steady state, the material balances corresponding to it are as follows –
𝑍𝑂2 𝜔1/2 (𝐶𝑂2𝑏 − 𝐶𝑂2 ) − (𝑘1 + 𝑘2 )𝐶𝑂2 = 0

(2.3)

𝑘2 𝐶𝑂2 − (𝑘3 + 𝑍𝐻2 𝑂2 𝜔1/2 )𝐶𝐻2𝑂2 = 0

(2.4)

Here ZO2 and ZH2O2 represent the transport of oxygen and hydrogen peroxide to and from the
electrode surface and are given by –
𝑍𝑂2 = 0.62𝐷𝑂 2/3
𝜈 −1/6
2

(2.5)

2/3

𝑍𝐻2 𝑂2 = 0.62𝐷𝐻2 𝑂2 𝜈 −1/6

(2.6)

𝐶𝑂2𝑏 is the concentration of oxygen in the bulk solution, 𝐶𝑂2 is the concentration of the oxygen near
the working electrode, 𝜔 is the rotation rate of the electrode, 𝐷𝑂2 and 𝐷𝐻2 𝑂2 are the diffusion
coefficients of O2 and H2O2 respectively and 𝜈 is the kinematic viscosity of the electrolyte.
The disc and ring current are given by 𝑖𝑑 = 2𝐴𝐷 𝐹[(2𝑘1 + 𝑘2 )𝐶𝑂2 + 𝑘3 𝐶𝐻2 𝑂2 ]

(2.7)

𝑖𝑟 = 2𝐴𝐷 𝐹𝑁𝑍𝐻2 𝑂2 𝐶𝐻2 𝑂2 𝜔1/2

(2.8)

Where id and ir correspond to the disc and ring current, AD is the surface area of the disk electrode,
F is the Faraday’s constant and N is the collection efficiency.
Following Hsueh et al., O2 and O2b can be related as follows -

𝐶𝑂2

𝑖𝑟
+ 𝑖𝑑
= 𝐶𝑂2 [1 − 𝑁
]
𝑏
𝑖𝑟 𝑙
𝑁 + 𝑖𝑑𝑙

(2.9)
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Since the ring current was much smaller than the disk current equation (9) was simplified to –
𝐶𝑂2 = 𝐶𝑂2 [1 −
𝑏

𝑖𝑑
]
𝑖𝑑𝑙

(2.10)

Rearranging equation (10) and substituting equations (3)-(8) in it yields –
𝑘
2 ( 1 + 1)
1
𝑖𝑑 1
2𝑘1
𝑘2
= [1 +
]+[
𝑘3 ] 𝜔 −2
𝑖𝑟 𝑁
𝑘2
𝑁𝑍𝐻2 𝑂2

(2.11)

𝑖𝑑𝑙
𝑘1 + 𝑘2 −1
=1+
𝜔 2
𝑖𝑑𝑙 − 𝑖𝑑
𝑍𝑂2

(2.12)

The rate constants k1 and k2 were obtained from the slope and intercept of equations (2.11) and
(12) respectively while k3 can be obtained from the slope of equation (2.11) once k1 and k2 are
known.

Figures 2.6(c) and (d) depict iD/iR vs. ω-1/2 plots corresponding to the Pt/aerogel-NTO and Pt/C
catalysts respectively. Both catalysts show typical Case 4 behavior in agreement with prior reports
on the mechanism of the ORR on Pt in aqueous systems shown schematically in Figure 2.5. All
rate constants are with reference to this figure. The kinetic model applied to calculate these rate
constants builds on the work of Wroblowa et al. (itself extending the work of Damjanovic et al.)
and that of Hsueh et al. which considered several possible variations of the ORR mechanism and
derived the equations describing the rate constants associated with them.52,53 The model applied
here was derived from Hsueh et al., wherein the equilibrium was assumed to be shifted far in the
forward direction due to the applied overpotential and the decomposition of H2O2 to form O2 was
neglected.49 The model derivation and corresponding equations are presented in Appendix I.
Figures 2.6(e) and (f) depict the idl/(idl-id) vs. ω-1/2 plots corresponding to the iD/iR vs. ω-1/2 plots
depicted in Figures 2.6(c) and (d). The idl/(idl-id) vs. ω-1/2 plots were found to have an intercept of
1 for Pt/aerogel-NTO and Pt/C as predicted by the model. The rate constants k1, k2 and k3 for both
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Pt/aerogel-NTO and Pt/C were calculated across the mixed potential region and is shown in Figure
2.6(g). It was observed that compared to the carbon support, NTO significantly enhanced k1 (rate
constant corresponding to the 4-e- transfer pathway). This explained the observed decrease in the
proportion of H2O2 product as calculated from the K-L plot. This effect was attributed to the SMSI
between the support and the Pt cluster. The nucleophilic nature of NTO lead to higher electron
density around the Pt clusters and decreased the Pt d-band vacancy.20

21,54

Further, increased

electron density around the Pt clusters would enhance the binding of electrophilic (and
incompletely reduced) O2 containing species such as O2- and H2O2.32 Thus, the measured 625 meV
decrease in the B.E of the Pt4f x-ray photo-electron spectroscopy (XPS) peaks of Pt/aerogel-NTO
compared to Pt/C aided the facile filling of the higher energy 2p 𝜎 ∗ orbitals of O2, thereby leading
to improved 4-electron transfer kinetics and improved overall activity. This explanation is also
confirmed by the DFT calculations of density of states for Pt supported on Nb-doped TiO2. On
the other hand, k2 on Pt/C was higher than on Pt/aerogel-NTO. The higher 4f electron B.E allows
for the initial preferential filling of the lower energy 2p 𝜎 orbitals of O2, followed by HO-OH bond
cleavage followed by a second 2-e- reaction to produce 2 molecules of H2O. Thus, the lack of
SMSI forces Pt/C into a predominantly series mechanism while the Pt/aerogel-NTO displays a
higher contribution of the parallel reaction. The final 2-e- reaction (k3) to produce H2O was found
to have a much higher rate constant as the unpaired electrons available on OH after O-O bond
cleavage is highly attractive to electrophilic protons. While k3>k1>k2, this must not be mistaken to
indicate a preponderance of the series mechanism as the rate determining step in the series
mechanism is k2 which is almost an order of magnitude lower than k1. Thus, Pt/aerogel-NTO is a
predominantly direct 4-e- ORR catalyst by virtue of the strong Pt-NTO electronic interactions.
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2.3.5 Electrocatalyst stability

Figure 2.7. Cyclic voltammograms of (a) Pt/aerogel-NTO and (b) Pt/C on 0.1964 cm2 GC disk (catalyst loading =
17.2 mg Pt ·cm-2) at room temperature in N2 saturated 0.1M HClO4 at a sweep rate of 20mV·s-1 before and after
10,000 stability cycles; (c) ECSA as a function of cycle.

Figures 2.7(a) and 2.7(b) displays the CVs recorded with the pristine catalyst and after 10,000
“accelerated-start-stop” stability cycles on Pt/C and Pt/aerogel-NTO respectively. Both catalysts
display changes in their CVs indicative of changes in the ECSA. Figure 2.7(c) depicts the evolution
of the catalyst ECSA over the course of this stability test. Pt/C showed a 57.6% loss of ECSA over
the course of the start-up/shut-down stability test compared to Pt/aerogel-NTO which lost only 22%
of its initial ECSA, indicating its superior stability. The ECSA degradation on Pt/C was attributed
to the electrochemical corrosion of carbon resulting in agglomeration and dissolution of isolated
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Pt particles and accelerated detachment of Pt particles from the support.55 5,56 The greater stability
of Pt/aerogel-NTO was ascribed to the improved support stability and in the SMSI effect resulting
in inhibited Pt dissolution and agglomeration. Surface diffusion processes are inherently slower
and hence Pt on aerogel-NTO was found to grow from an average of 3nm to 6nm while Pt on
carbon increased from a similar initial particle size to greater than 9nm. This effect has been
demonstrated to be independent of loading of catalyst or initial Pt particle size.33 Though relatively
small, the Pt/aerogel-NTO catalyst degradation implied by the decrease in the ECSA was tracked
by means of XPS and TEM measurements.

Figure 2.8 TEM images of Pt/aerogel-NTO– (a) pristine, (b) after 1,000 stability cycles, (c) after 10,000 stability
cycles with corresponding particle size distributions (d-f); XPS spectra of Ti corresponding to- (g) pristine, (h) after
1,000 stability cycles (i) after 10,000 stability cycles; XPS spectra of Nb corresponding to- (j)pristine, (k)after 1,000
stability cycles, (l) after 10,000 stability cycles.

Prior reports indicate that following the start/stop stability cycling, Pt particles on carbon display
severe migration and agglomeration with the Pt particle size increasing to an average of 9 nm. The
TEM images (Figures 2.8(a-c)) show Pt/aerogel-NTO in the pristine condition and after 1,000 and
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10,000 cycles of the stability test. The Pt nanoparticle was found to agglomerate, and the particle
size distribution (Figure 2.8(d-f)) shifted towards larger particle sizes but with the average Pt
particle size below 6 nm.
Figure 2.8(g-l) depicts the XPS spectra for Ti and Nb in the pristine condition and post-1,000 and
-10,000 cycles of the stability test. The Ti(III) oxidation state (B.E.= 458.7 eV) was in the majority
in the initial sample while 95% of the Nb was in the +5-oxidation state (B.E.= 206.3 eV). The
desired substitution of Ti(IV) sites in the lattice by Nb(V) ions results in increased carrier
(electrons and holes) concentration.29 Thus, the initial conductivity of Nb-doped-TiO2 was found
to reach 0.3S·cm-1. Upon continuous cycling between 1V and 1.5V vs. RHE, after 1000 cycles,
the amount of Ti(III) decreased while Ti(V) (B.E = 457.5eV) significantly increased, thus
indicating oxidation of Ti(III) to Ti(V) at these high potentials. This trend was found to continue
with Ti (V) constituting the majority of Ti after 10,000 cycles of the start-up/shut-down protocol
with only 5% of Ti(III) and <1% of Ti(II) remaining. Concordant observations were made for Nb,
wherein upon cycling between 1V and 1.5V vs. RHE, the amount of Nb(IV) (B.E. = 207.8eV)
decreased while Nb(V) (B.E = 206.3 eV) increased. Thus, under high potential conditions, both Ti
and Nb were oxidized. Comparing the Pt4f XPS spectra (Figure A2.5) of the fresh Pt/aerogel-NTO
and Pt/aerogel-NTO after the start-stop stability test indicated that the change in oxidation state of
the Nb and Ti did not affect the SMSI between support and Pt catalyst. However, the Pt particle
size was found to continually increase during the stability test as seen in Figures 2.8(d)-(f). Thus,
the observed loss in ECSA during the stability test can be ascribed to the growth in Pt particle size.
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2.3.6 Fuel cell performance and polarization data analysis

Figure 2.9. (a) Comparison of fuel cell performance (H2/O2) at the kinetic region of Pt/aerogel-NTO, Pt/C before
(BoL) and after (EoL) AST over 500 cycles at 80°C, 80%RH and 200 kPaabs. Pt loading at the cathode: 0.20
mgPt·cm-2. Pt loading at the anode: 0.10 mgPt/cm2. (b) Comparison of current density at 0.9V for Pt/aerogel-NTO
and Pt/C. (c-d) Cyclic voltammogram of MEA with Pt/aerogel-NTO and Pt/C respectively.

The RDE tests established that the Pt/aerogel-NTO catalysts exhibited 21% higher mass activity
compared to benchmark Pt/C and that it was also significantly more stable. The Pt/aerogel-NTO
catalyst was examined in a fuel cell to translate these improvements to a practical H2/air 57fuel cell.
A direct comparison of the RDE and fuel cell measurements should be carried out accounting for
the difference in loading (10µgPt cm-2 to 17µgPt cm-2 vs. 0.2 mgPt cm-2 on the fuel cell electrode),
which not only affects the currents recorded but also the nature of the electrode surface itself.
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Further, the durability gains of the Pt/aerogel-NTO catalyst was also examined under fuel cell
operating conditions using the AST protocol analogous to the RDE experiments. A triangular
waveform between 1-1.5V at scan rate of 500mV·s under H2/N2 condition was used, simulating
fuel cell start-up-shut-down conditions. Polarization curves were recorded in H2/O2 and H2/air
before the AST and after 500 cycles of the AST (Appendix I Figures A2.6 and A2.7). The kinetic
region of the fuel cell polarization curves for Pt/C and Pt/aerogel-NTO cathode catalysts at both
beginning of life (BoL) and end of life (EoL) in H2/O2 are depicted in Figure 2.9(a). The Pt/aerogelNTO based membrane electrode assembly (MEA) exhibited higher currents at any given potential
compared to Pt/C, indicating higher catalytic activity. At 0.9V a kinetic current of 31 mA cm-2 was
recorded on Pt/C whereas Pt/aerogel-NTO exhibited a current of 39 mA cm-2, a 26% higher
performance (Figure 2.9(b)). This is in excellent agreement with the 21% improvement seen using
the RDE. Nevertheless, it was observed that Pt/aerogel-NTO lost a greater percentage of its initial
activity as compared to Pt/C. This was not attributable to loss in ECSA as the Pt/aerogel-NTO lost
23% of its initial ECSA while Pt/C lost 51% (Figures 2.9(c) and 2.9(d)).
To understand the different stability results obtained using an RDE and in the fuel cell, the various
contributions to the recorded polarization curves were deconvoluted following the approach of
Williams et al.57 The calculation details are presented therein. Four major polarization losses were
calculated- (1) non-electrode ohmic resistance (comprising proton resistance of membrane,
electronic resistance of the gas diffusion layer (GDL), and all contact resistances between
components); (2) electrode ohmic resistance (comprising resistance of proton and electron
transport through the cathode); (3) non-electrode concentration overpotential loss (comprising O2
transport resistance through the GDL and electrode binder film); (4) electrode concentration
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overpotential loss (comprising oxidant transport resistance through the cathode where it is
consumed).

Figure 2.10. The comparison of ohmic resistance (at 400mA/cm2, H2/Air) and mass transfer caused overpotential
(at 600mA·cm-2) for Pt/C and Pt/aerogel-NTO before (BoL) and after (EoL) start-stop stability test.

As seen in Figure 2.10(a), the non-electrode ohmic resistances were unchanged within
experimental error after being subjected to the AST. This is attributed to the excellent chemical
stability of perfluorinated separators such as Nafion® and to the fact that both fuel cells were
identical except for the cathode catalyst.
The electrode ohmic resistance was found to substantially increase for fuel cells with Pt/aerogelNTO cathodes following the AST, as depicted in Figure 2.10(b). The initial Re for MEAs prepared
using Pt/aerogel-NTO was ~2x that prepared using Pt/C, which was attributed to the lower
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aggregate electron conductivity of the aerogel-NTO supports compared to the carbon supports in
Pt/C. Further, proton conductivity differences due to possible variations in the ionomer distribution
also contribute to the higher ohmic resistance.36,58 Following the AST, the electrode ohmic
resistance of Pt/aerogel-NTO MEA increased from 90 Ω·cm2 to 160 Ω·cm2 while no change was
observed with the Pt/C MEA. The Nb and Ti oxidation mechanism found in the Pt/aerogel-NTO
using the RDE would also occur here in the fuel cell and the increase in resistance was attributed
to the higher oxidation state of Nb and Ti in NTO. The RDE based ASTs indicated a substantial
ECSA decrease for Pt/C following the AST due to the severe agglomeration of Pt particles and
possible detachment from the surface. Despite this observation, the ionomer stability and the fact
that carbon corrosion does not decrease carbon conductivity resulted in minimal increase in ohmic
resistance is seen in case of Pt/C. Optimization of the catalyst ink composition for the Pt/aerogelNTO catalysts should partially address this issue.
As depicted in Figure 2.10(c), the Pt/aerogel-NTO MEA exhibited higher non-electrode
concentration overpotential compared with the Pt/C MEA. This was attributed to the higher
volume loading of ionomer within the electrode resulting from the higher density of aerogel-NTO
compared to carbon.36,58 After the AST, the non-electrode concentration overpotential increased
in case of both Pt/aerogel-NTO and Pt/C MEAs. In the Pt/C catalyst layer, carbon is oxidized and
loses its hydrophobicity, with the same happening with Pt/aerogel-NTO, leading to flooding at the
cathode which in turn further inhibits O2 transport. The electrode concentration overpotential
losses were minimal as both catalysts exhibit high ORR activity and no mass transport limited
behavior was seen in the polarization curve even at the cut-off voltage of 0.1V.
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2.4. Conclusions
In summary, two methods of synthesizing Nb-doped TiO2 were examined and aerogel-NTO has
been demonstrated to be a highly stable support for ORR catalysts when undergoing the voltage
transients associated with the start-stop operation of a PEMFC. Further, this support also possesses
a favorable electronic structure resulting in strong metal support interactions between the support
and the deposited Pt catalyst. This improves the ease of electron transfer to the higher energy 2p
𝜎 ∗ orbitals of O2, thereby rendering the four-electron transfer more facile and improving the overall
ORR efficiency. In closing, NTO produced using the aerogel method outline in this paper is an
excellent corrosion resistant support and achieved the best combination of electrical conductivity,
surface area and mass activity among the NTO supports reported in the recent literature (Table
2.1.). This optimized Pt/aerogel-NTO is a high mass activity and porosity catalyst for the oxygen
reduction reaction that will result in significantly longer PEMFC operational lifetimes with the
added benefit of improved performance and efficiency.
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Table 2.1 Summary of representative literature for Nb-doped TiO2 as catalyst support for ORR
and comparison with the present work’s results.
Reference

Electrical
conductivity [S·cm-1]
(NTO)

Surface area
[m2·g-1]
(NTO)

Mass activity [mA·mgPt-1]
(Pt/NTO)

Alex Bauer28

N/A

120

3.3

N.R. Elezovi´c59

N/A

72

70

Yan-Jie Wang60

2.0*10-5

48

32

Thanh B. Do31

0.1

107

160

Laure Chevallier27

1*10-4

150

5.3

Shuhui Sun26

N/A

100

92

Sheng-Yang
Huang38

1.1

10

N/A

Christian Beauger25

0.08

1

N/A

This work

0.4

140

150
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Chapter 3 The effect of the Pt deposition
method on the performance of Pt/xerogel-Sbdoped-SnO2 in PEMFCs

Supplementary informations are available in Appendix II.
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Abstract
Platinum supported on Mixed-metal oxides (MMOs) are a class of active and durable cathode
catalysts for proton exchange membrane fuel cell (PEMFC) due to a combination of the high
oxidative stability of the supports and strong-metal-support interactions (SMSI) that enable them
to exceed the activity of Pt/C. Herein we solve a significant remaining challenge with Pt/MMO
systems, namely the relatively low surface area and porosity. This is achieved by dispersing nearly
uniform Pt clusters using atomic layer deposition (ALD) on highly conductive (6.2 S/cm) and
stable antimony doped tin dioxide (ATO) support. ALD-Pt/ATO exhibited significantly higher
electrochemically active surface area (ECSA) (74 m2/g) and oxygen reduction reaction (ORR)
catalytic activity (102 mA·mgPt-1 at 0.9 V vs. RHE) compared to Pt/ATO synthesized using
ethylene glycol (ECSA=31 m2·gPt-1, mass activity=52 mA/mgPt at 0.9 V vs. RHE) and formic acid
reduction methods (ECSA=28 m2·gPt-1, mass activity=46 mA/mgPt at 0.9 V vs. RHE). Further
characterization showed that wet chemical methods resulted in poorer Pt particle dispersion, poor
control over Pt particle size distribution and chemical degradation of the support. Given the nearideal Pt particle size distribution of the ALD-Pt/ATO, particle size growth and loss of ECSA was
found to be minimal over the course of rigorous potential cycling. Thus, after 10,000 potential
cycles between 1V and 1.5V, ALD-Pt/ATO and other Pt/ATOs were found to retain 100% of their
initial ECSA compared to 57.6% retention for Pt/C. Upon testing in a H2/air PEMFC, following
1,000 potential cycles, the change in ALD-Pt/ATO performance was negligible while Pt/C
exhibited a 68.2% loss of initial peak power density Thus, ALD-Pt/ATO is a highly active and
durable ORR electrocatalyst in PEMFCs.
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3.1 Introduction
Platinum group metals (PGMs) serve as highly active and selective electrocatalysts for a variety
of electrochemical systems.1-4 Typically, these PGMs are supported on carbon due its high surface
area, porosity and high electrical conductivity. The choice of carbon supports limits the lifetime of
the catalyst due to oxidative support degradation as the standard electrode potential for carbon
oxidation is 0.207V vs. standard hydrogen electrode (SHE). Thus, improvements to the lifetime of
commercial electrochemical systems such as PEMFCs requires the replacement of carbon supports
with oxidatively stable supports while retaining PGM/C like activity.
Metal oxide (MO) and mixed metal oxide (MMO) supported PGM catalysts have been shown to
match or exceed the activity and durability of PGM/C catalysts in a variety of electrochemical
devices. Direct methanol fuel cells (DMFCs) with metal oxides (CeO2 WO3, TiO2,) and metal
carbides (TiC and WC) catalyst supports exhibit remarkable stability in acidic environments and
enhance CO tolerance.5-7 Electrolyzer catalysts supported on metal oxides such as Nb0.05TiO0.95O2
have exhibited 2.4-fold higher current density at 1.6V than that of benchmark IrO2. 8,9 Ir supported
on Sb-doped-SnO2 (ATO) has been reported to mitigate Ir2+ dissolution and hence serve as a
durable oxygen evolution reaction (OER) catalyst.8 The condition in proton exchange membrane
fuel cells (PEMFCs), are especially harsh during start-up as the potential at cathode catalyst layer
can reach up to 1.5V by the reverse-current decay mechanism, providing a significant overpotential
above the standard electrode potential for carbon oxidation(0.207V vs. SHE).10 Under such
conditions, state-of-the-art commercial Pt/C suffers rapid carbon corrosion, which is manifested
as significant loss in PEMFC performance.11,12 In contrast, PEMFC catalysts consisting of Pt
supported on a variety of MMOs such as Ta-doped TiO2, Nb-doped TiO2, Ru-doped TiO2 and Sb-
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doped SnO2 have exhibited exceptional oxidative stability and enhanced catalytic activity due to
strong-metal-support-interactions (SMSI) under such rigorous potential cycling.
In addition to identifying suitable supports, the PGM deposition method also plays a crucial role
in the activity and durability of the catalyst. Wet chemical methods (eg: polyol, wet impregnation,
chemical reduction) optimized for Pt dispersion on carbon yield sub-optimal results with MMOs
due to their lower surface area and lower porosity.13-15 Alternate methods such as ultraviolet (UV)
irradiation Pt deposition and organometallic chemical deposition (OMCD) fail to translate into
improved ORR activity, and electrodeposition scales poorly.16,17 On the other hand, Atomic layer
deposition (ALD) using fluidized bed reactors enables large scale Pt deposit onto MMO supports
while the self-limiting surface chemistry intrinsic to the ALD process enables precise control of
the particle size of deposited material.

18-20

Despite prior success in synthesizing ORR catalysts

using ALD, scaling-up and testing of durable MMO supported Pt catalysts in actual PEMFCs is
woefully lacking.
Herein, Pt deposited using ALD on ATO is shown to be an extremely stable ORR catalyst with
high surface area and high electric conductivity. ALD was shown to yield significantly more
uniform Pt dispersion and catalyst stability compared to standard wet chemical methods. This
resulted in superior PEMFC performance compared to commercial Pt/C catalyst.

3.2. Experimental methods
3.2.1 Synthesis of Sb-doped-SnO2 using xerogel method
4 mL of Tin chloride (Anhydrous 99%, ACROS Organics) and 0.41g of antimony chloride (≥99.95%
trace metals basis, Sigma Aldrich) were dissolved in 100 mL of absolute ethanol (200 proof, Sigma
Aldrich) followed by addition of 1.5 mL of de-ionized (DI) water. After 15min stirring, under
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nitrogen protection, 12 mL of propylene epoxide (ReagentPlus®, ≥99%, Sigma Aldrich) were
added dropwise to the alcoholic solution, that was kept at room temperature under continuous
stirring (100 rpm). Within a few minutes, a Sb-SnO2 alcogel was obtained. The resulting gel was
aged for one day at room temperature, and later subjected to a series of daily solvent exchanges
with acetone for a week. Put the wet gel into oven under 60°C for 12hs to remove the solve, then
the xerogel is obtained. The resultant xerogel was annealed at 600 °C in air for 1.5 hours to get the
conductive xerogel material.

3.2.2 Pt deposition on support
Atomic Layer deposition method (This work was done by Xinhua Liang and Xiaofeng Wang
at Missouri S&T as part of collaborative research)
Platinum (Pt) nanoparticles (NPs) were deposited by ALD using (methylcyclopentadienyl)
trimethyl platinum [(MeCp)PtMe3] as the Pt precursor and oxygen (O2) as the other reactant at
300 °C in a fluidized bed reactor, as described previously 21. Briefly, in a typical run, 10 g of
ATO were loaded into the reactor. Before the reaction, the ATO particles were degassed at
300 °C for 5 hr to remove all H2O molecules on the particles. During the ALD process, the solid
(MeCp)PtMe3 was heated to 70 °C and carried by nitrogen (N2) to enter the reactor.
(MeCp)PtMe3 and O2 were fed separately into the reactor. The reactor was subjected to vibration
via vibrators to improve the quality of particle fluidization during the ALD process. N2 was also
used as a flush gas to remove unreacted precursors and any byproducts during the reaction 22. A
typical depositing cycle consists the following steps: (MeCp)PtMe3 dose, N2 purge, evacuation;
O2 dose, N2 purge, evacuation. Total 6 cycles of Pt ALD were applied on ATO particles.
Formic acid deposition method
A well-mixed suspension of 0.5g of ATO in 150 mL of DI water obtained following 30 minutes
of sonication. This was followed by the simultaneous addition of 0.337g of Chloroplatinic acid
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hexahydrate (≥37.50% Pt basis, Sigma Aldrich) and 10 mL of formic acid (98+%, ACROS
organics) into the suspension at room temperature. The chloroplatinic acid was reduced to
platinum by constantly stirring the mixture, heating the mixture to 70°C and then maintaining it at
80 °C for 15 minutes. The product was obtained by vacuum filtration (after allowing sufficient
time for the product to reach room temperature), washed several times with DI water, and then
dried in a vacuum oven at 60°C. The formula loading of the Pt is 20wt%. This catalyst is denoted
as f-Pt/ATO.
Ethylene Glycol deposition method
0.5g of ATO was suspended into 200mL of ethylene glycol. Then pH was adjusted to 10 with
potassium hydroxide and was followed by addition of 0.337g of Chloroplatinic acid hexahydrate
(≥37.50% Pt basis, Sigma Aldrich). The solution was purged with nitrogen and heated at 150°C
for 2 hours with reflux, under constant stirring. After it cooling down, the product was obtained
by vacuum filtration, washed several times with DI water, and then dried in a vacuum oven at
60°C. The formula loading of the Pt was 20wt%. This catalyst is denoted as e-Pt/ATO.

3.2.3 Physical characterization
The particle crystal structure parameters and elemental maps of the composition were investigated
using a TEM (JEOL F2100) equipped with a LaB6 emitter, ThermoNoran Energy Dispersive Xray Spectroscopy (EDXS) system and a Gatan Model 666 parallel electron energy loss
spectrometer (PEELS) system. The change in composition over the course of the stability test was
analyzed using ex-situ XPS (Physical Electronics 5000 VersaProbe II). The Brunauer-EmmettTeller (BET)-specific surface area of the support was obtained based on multipoint analysis of the
nitrogen desorption isotherm using a commercial BET analyzer (Quantachrome 300e BET
analyzer). The conductivity of the samples was measured using a pellet conductivity cell where
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the sample powder was compressed between two copper electrodes to obtain a pellet and
performing electrochemical impedance spectroscopic measurements on the pellets. The
conductivity was obtained from the high-frequency intercept. The Pt loading on the catalysts was
determined using ICP-MS (PerkinElmer Elan DRCII).
X-ray Absorption Spectroscopy (XAS) measurements, comprising X-ray Near Edge Structure
(XANES) and Extended X-ray Absorption Fine Structure (EXAFS) techniques, were carried out
on Pt/ATO samples at Sn K edge and Pt L3 edge to understand the local structure. They were
carried out at the Energy-Scanning EXAFS beamline (BL-9) at the Indus-2 Synchrotron Source
(2.5 GeV, 100 mA) at Raja Ramanna Centre for Advanced Technology (RRCAT), Indore,
India.23,24

3.2.4 Electrochemical measurements
Preparation of the thin-film rotating disk electrode (RDE)
This standard method has been previously described by us for a different support in Cheng et al.25
The catalyst thin film RDE (Pine instruments, E6R1) was prepared by the deposition of a catalyst
ink prepared by dispersing the catalyst in a mixture of DI water, isopropyl alcohol, and Nafion®
solution (5 wt% Nafion; 1100 EW; Solution Technologies, Mendenhall, PA). After 10 minutes of
ultrasonication (Qsonica Q700) in an ice bath, ink was deposited onto a polished glassy carbon
(GC) disk electrode (5mm diameter) and dried at room temperature. This procedure resulted in a
Pt loading of 17.2 μgPt·cm-2disk on the GC electrode. A similar procedure was employed to make
the inks and electrodes for Pt/C (TEC10E50E 46.5%Pt; sourced from Tanaka, K. K.) to maintain
a uniform loading of Pt across the multiple catalyst being compared.
Voltammetric measurements
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This standard method has been previously described by us for a different support in Cheng et al.25
All electrochemical experiments were performed in a jacketed cell (Pine instruments, AKCELL3)
filled with 0.1M HClO4 electrolyte, with a Pt mesh counter electrode and a saturated calomel
reference electrode (Pine instruments, RREF0022, 0.241 V vs. SHE). All potentials reported in
this paper were converted to the reversible hydrogen electrode (RHE) scale using the relation
ERHE=ESCE+0.3V. The cyclic voltammograms (CVs) employed to determine the electrochemical
active surface area were obtained by scanning the working electrode potential between 0.08V and
1.2V (vs. RHE) under nitrogen saturation. Linear sweep voltammetry (LSV) was performed under
oxygen saturated conditions at room temperature to measure the catalyst activity for the ORR. The
potential window employed in the experiment was between 0.1-1.1V (vs. RHE) and sweep rate
was 20mV s-1 for four different rotation rates (400, 900, 1600 and 2500 rpm).
Evaluation of catalyst stability
This standard method has been previously described by us for a different support in Cheng et al.25
The corrosion rate of catalyst support is greatly influenced by the operation conditions, with the
cathode reaching a potential of 1.5V vs RHE by the “hydrogen-front” mechanism during fuel cell
start-up and shut-down.26 The start-stop accelerated stability protocol was employed to evaluate
the catalyst support electrochemical stability under conditions resembling the voltage spikes
encountered during start-up and shut-down in an operating fuel cell. During the test, the working
electrode (consisting of a thin-film of catalyst deposited onto a GC electrode) potential was cycled
between 1 V to 1.5 V vs. SHE at a scan rate of 500 mV/s for 10,000 cycles to aggressively simulate
the startup-shutdown transients occurring during PEMFC operation. The test was performed in N2saturated 0.1 M HClO4 electrolyte at room temperature. Over the course of this stability test, any
changes in the ECSA was monitored using cyclic voltammetry (CV; scan rate of 20mV/s) recorded
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periodically after 0, 50, 100, 200, 500, 1000, 2000, 5000, 10000 cycles. The catalyzed support test
protocol was designed to simulate no-load to full-load transitions during fuel cell operation. The
protocol involved square wave cycling the electrode potential between 0.6 and 0.95 V vs. RHE
with 3s each step holding time for a total of 10,000 cycles. Cyclic voltammograms (20mV/s) were
collected after 0, 100, 200, 500, 1000, 2000, 5000 and 10000 load cycles. The test was performed
in N2-saturated 0.1 M HClO4 electrolyte at room temperature.

3.2.5 Membrane electrode assembly (MEA) fabrication and testing
MEA preparation
This standard method has been previously described by us for a different support in Cheng et al.25
0.3 g of 46.5% Pt/C (Tananka K.K. TEC10E50E) or metal oxide support catalyst was wetted with
a few drops of DI water, 6 mL of methanol was added to the wet catalyst followed by 2.57 g of
Nafion 1100 solution (5wt% Sigma Aldrich) followed by sonication for 10min in an ice bath.
MEAs were prepared by hand spraying the sonicated ink onto GDLs with 5cm2 of active area. The
Pt loading at the cathode side was 0.4mg·cm-2 with metal oxide supported catalyst or Pt/C and Pt
loading at the anode side was 0.2mg·cm-2 with Pt/C. Nafion 211 separator was sandwiched
between the anode and cathode gas diffusion electrodes (GDEs) and the entire assembly was hot
pressed at 120°C for 1min at a 4 Mpa. The resultant MEAs were used for fuel cell testing.
MEA Electrochemical Stability
This standard method has been previously described by us for a different support in Cheng et al.25
The electrochemical stability of the support and catalyst was assessed using an accelerated stress
test (AST) protocol.27 The protocol evaluates the stability of the support due to start/shutdown
voltage spikes, on the catalysed support (Pt/ATO), to investigate the impact of platinum catalyst
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on the support corrosion rate (start-stop protocol). This protocol effectively imitates and induces,
in an accelerated fashion, the support degradation mechanisms that occur during extended fuel cell
vehicle operation. During the test, the working electrode potential was cycled in a triangular
waveform between 1.0 V to 1.5 V at a scan rate of 500 mV/s (triangular wave form) for 1,000
cycles. Cyclic voltammograms (CV) and iV performance curves were recorded initially and after
1000 cycles. The stability of the catalyst was evaluated from the measured the change in ECSA
and in electrode polarization losses. The experiments were performed at 80°C, with an MEA with
an active area of 5 cm2, passing hydrogen (0.4 L/min) through the anode (counter and pseudoreference electrode) side and nitrogen through the cathode/working electrode (0.4L/min). The
gases were humidified at 100% relative humidity (RH). A second AST protocol (termed load
cycling protocol) was used to investigate the degradation/dissolution of the platinum catalyst. The
protocol involved cycling the cathode potential in a rectangular waveform from 0.6 to 0.95 V vs.
RHE for 5,000 cycles and mimicked no-load to full-load transitions during fuel cell operation.
Cyclic voltammograms (CV) and iV performance curves were recorded initially and after 5000
cycles. The stability of the catalyst was evaluated from the measured the change in ECSA and in
electrode polarization losses. The experiments were performed at 80°C, with an MEA with an
active area of 5 cm2, passing hydrogen (0.4 L/min) through the anode (counter and pseudoreference electrode) side and nitrogen through the cathode/working electrode (0.4L/min).
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3.3 Results and discussion

Figure 3.1. Synthesis of Sb-doped-SnO2 supports. (a) Effect of annealing temperature on electrical conductivity and
B.E.T surface area of ATO support material, (b) TEM micrograph of the ATO support (inset electron diffraction
pattern) and (c) STEM micrograph of the ATO support.
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3.3.1 Physical characterization of the xerogel-Sb-doped-SnO2 supports
The conductivity and surface area of ATO support synthesized at different annealing temperatures
are depicted Figure 4.1(a). The conductivity was found to increase non-linearly with the annealing
temperature and a significant increase from 0.6S·cm-1 to 6.2S·cm-1 when the annealing temperature
was increased from 500°C to 600°C. Further increase in temperature from 600°C to 700°C only
produced small gains in conductivity, indicating that most of the stable defects leading to improved
conductivity had already formed at 600°C.28 However, increasing annealing temperatures resulted
in a nearly linear decline in the surface area of the support. Thus, 600°C was chosen as the optimal
annealing temperature for the ATO support. The TEM and STEM image (Figure 3.1(b), (c))
indicate that the particle size of ATO ranges from 8nm to 20nm. The electron diffraction pattern
and STEM images indicate the formation of crystallized polycrystalline phases.

3.3.2 Pt deposition on xerogel-Sb-doped-SnO2 supports
Mixed-metal oxide supports are prone to reductive degradation during the deposition of the
catalyst due to the high oxidation states of the constituent metal atoms. This work is amongst the
first to investigate the effect of the deposition process on the physical properties of the resultant
catalyst. Figure 3.2 depicts the effect of the deposition method on catalyst electrical conductivity
in comparison with the pristine ATO. Baseline conductivity of pristine ATO was 6.2S·cm-1 and a
significant decrease in conductivity was observed upon depositing Pt using ethylene glycol or
formic acid as the reducing agent. This was in direct contrast to the ALD of Pt which resulted in a
catalyst with high conductivity than the pristine support. The effect of the Pt deposition process on
the elemental valence of ATO was examined using XPS. Figure 3.2 depicts the XPS of Sb in the
pristine xerogel-ATO support and Pt/xerogel-ATO synthesized using different deposition methods.
The Sb (III) and Sb (0) oxidation states can be observed in Formic-Pt/ ATO (f-Pt/ATO) and
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Ethylene-Pt/ ATO (e-Pt/ATO), indicating that the metal oxide support was reduced during the Pt
deposition process through mechanisms detailed elsewhere.29

30

The aim of Sb doping was to

incorporate Sb(V) into the SnO2 lattice to produce an n-type electron-rich oxide. However, during
the reduction process, Sb(V) was converted to Sb (III) resulting in the formation of acceptor sites
and concomitant loss of carriers, resulting in a loss of electrical conductivity.31-34 In contrast, upon
ALD of Pt, Sb in ATO retained its initial valence state and the addition of metallic Pt enhanced its
overall conductivity. Thus, ALD of Pt was found to occur without any damage to the support
material.
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Figure 3.2. Effect of deposition method on the support. XPS spectra of Sb corresponding to (a) e-Pt/ATO, (b) fPt/ATO, (c) ALD-Pt/ATO, (d) ATO, (e) Electrical conductivity of ALD-Pt/ATO, f-Pt/ATO, e-Pt/ATO and pure
ATO.

3.3.3 Characterization of Pt/xerogel-Sb-doped-SnO2 catalyst with different
deposition methods
The deposited Pt particle size and distribution was investigated by electron microscopy. The TEM
and STEM micrographs and the corresponding EDS elemental maps (Figure 3.3) of ALD-Pt/ATO
indicated that uniform Pt nanoparticles were homogenously dispersed on the ATO support. The
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particle size of Pt in ALD-Pt/ATO was around 2.6nm with a narrow particle size distribution
(Figure 3.3(b)). The small Pt particle size and uniform dispersion attributed to the self-limiting
reaction mechanism and substrate dependency of ALD which helped precisely control the Pt
particle size and dispersed the Pt.19,35-37 On the other hand, Pt clusters in f-Pt/ATO and e-Pt/ATO
were above 5nm in average size. The wide Pt particle size distribution and particle agglomeration
was ascribed to the corrosion of the support during the Pt deposition process.

Figure 3.3. Effect of the deposition method on Pt particle size and dispersion. TEM, STEM and EDX mapping
image of (a-d) ALD-Pt/ATO, (e-h) f-Pt/ATO, (i-l) e-Pt/ATO and corresponding of Pt particle size distribution.
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3.3.4 Electrochemical characterization: electrochemically surface area, oxygen
reduction reaction polarization curves, and stability evaluation.

Figure 3.4. (a) Comparison of ORR polarization curves on Pt/C, ALD-Pt/ATO, e-Pt/ATO and f-Pt/ATO in O2saturated 0.1M HClO4 at 20 mV·s-1. (b) CVs of Pt/C, ALD-Pt/ATO, e-Pt/ATO and f-Pt/ATO on 0.1964 cm2 GC
disk (catalyst loading = 17.2 mg·cm-2Pt) at room temperature in N2 saturated 0.1M HClO4 at a sweep rate of 50
mV·s-1;

Cyclic voltammograms (CVs) (Figure 3.4 (b)) were recorded with Pt/C, ALD-Pt/ATO, e-Pt/ATO
and f-Pt/ATO using a rotating disk electrode (RDE). The electrochemical surface area (ECSA) of
ALD-Pt/ATO was found to be 74 m2·gPt-1 which was close to that of Pt/C (83 m2·gPt-1). The ECSA
of e-Pt/ATO and f-Pt/ATO were 31 m2·gPt-1 and 28 m2·gPt-1 respectively. The extremely high
ECSA of ALD-Pt/ATO can be ascribed to the small Pt particle size and uniform particle dispersion.
However, the CV of ALD-Pt/ATO displayed a redox feature between 0.7V-0.5V (vs. RHE),
possibly corresponding to Sb dissolution from the support and re-deposition on the catalyst,
possibly on the Pt surface.38 The lower ECSA recorded for e-Pt/ATO and f-Pt/ATO was directly
attributable to Pt particle agglomeration during Pt deposition process (in agreement with the
microscopy results). ORR activity of ALD-Pt/ATO, e-Pt/ATO and f-Pt/ATO was measured and
compared to the Pt/C. Figure 3.4(a) shows the positive-going linear sweep voltammograms (LSVs)
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of ALD-Pt/ATO, e-Pt/ATO, f-Pt/ATO and Pt/C at 1600 rpm wherein the mass activity of ALDPt/ATO, e-Pt/ATO and f-Pt/ATO was 120 mA·mgPt-1, 52 mA·mgPt-1 and 46 mA·mgPt-1
respectively, in comparison to 133 mA·mgPt-1 for Pt/C of. The mass activities were directly
proportional to the ECSA. Unfortunately, the SMSI effect maybe counteracted by Sb deposition
on Pt which may block the Pt activity sites and poisoning the catalyst, resulting in similar mass
acitivities.38
To evaluate the durability of these catalysts, two different test protocol were employed the loadcycling protocol (scanning between 0.6V to 0.95V) and the start-stop protocol. The former
protocol evaluates the degradation of the catalyst metal (Pt) by Pt dissolution/redeposition process
dominated by the Ostwald ripening mechanism.26 The latter protocol evaluates the degradation of
the catalyst support, which causes Pt particle detachment and agglomeration.26

Figure 3.5. Support and catalyst durability. (a) ECSA as a function of load cycling stability potential cycles, (b)
ECSA as a function of start-stop stability potential cycles.

Figure 3.5(a) depicts the stability of the catalyst under the loading cycling protocol. ALD-Pt/ATO
was most stable under the loading cycling protocol with a 22% loss of ECSA, while f-Pt/ATO, ePt/ATO and Pt/C respectively lost 30%, 31% and 45% of their initial ECSA. The stability of ALD85

Pt/ATO was ascribed to the uniformity of the Pt particle size and their uniform dispersion on the
support surface. The uniformity in Pt particle size nearly equalizes the chemical potential of
different Pt nanoparticles, thereby mitigating the Oswald ripening process while improved
dispersion has also been shown to result in greater stability.39-41 SMSI also contributes to improved
stability by mitigating the Pt dissolution (i.e. reduction) process.42 Large initial particle size results
in better stability of e-Pt/ATO and f-Pt/ATO due to the lower exposed Pt cluster area which
mitigates the Pt dissolution process.

3.3.5. Fuel cell evaluation and stability analysis
Figure 3.5(b) depicts the change of ECSA as function of the cycling number over the course of
the start-stop stability protocol. Pt/C exhibited 57.6% loss of ECSA compared to ATO supported
catalysts which suffered no loss of ECSA after 10,000 potential cycles thereby demonstrating their
superior stability. During support material stability evaluation (Figure A2.1), ATO exhibited no
change in capacitance change, in contrast to carbon which exhibited a 270% drop in the doublelayer capacitance after 10,000 potential cycles. Thus, the ECSA degradation on Pt/C was directly
attributed to the electrochemical corrosion of carbon resulting in agglomeration, dissolution and
isolation of supported Pt particles and the accelerated detachment of Pt particles from the support.43
44,45

The stability performance of the various ATO supported catalysts indicated that under high

potential cycling, catalyst degradation was independent of Pt particle size and mainly dominated
by support corrosion.

86

Figure 3.6 (a) H2-air fuel cell performance of MEAs prepared using Pt/C at the anode (loading =0.2 mgPt cm-2) and
Pt/C and ALD-Pt/ATO at the cathode at 80C and 90% RH before and after AST using start-stop protocol. (b) H2-air
fuel cell performance of MEAs prepared using Pt/C at the anode (loading =0.2 mgPt cm-2) and Pt/C and ALDPt/ATO at the cathode at 80C and 90% RH before and after AST using load cycling protocol. (c) Cyclic
voltammogram of MEA with ALD-Pt/ATO before and after 1,000 start-stop stability tests. (d) Cyclic
voltammogram of MEA with ALD-Pt/ATO before and after 5,000 load cycling stability tests.

Because of the ideal testing conditions, ex-situ RDE is useful for evaluating the electrochemical
activity of catalytic materials. However, the true viability of an electrocatalyst should be
ascertained from in-situ tests in a PEMFC. Figure 3.6(a) shows the performance of the MEAs
incorporating ALD-Pt/ATO and Pt/C before and after 1,000 cycles of the start-stop stability
protocol. PEMFCs with Pristine ALD-Pt/ATO delivered 478 mW/cm2 peak power density at
0.39V while pristine Pt/C delivered 588 mW/cm2 peak power density at 0.53V. Following 1,000
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start-stop potential cycles, the change in ALD-Pt/ATO performance was negligible while Pt/C
exhibited a 68.2% loss of initial peak power density. The severe degradation of the Pt/C
performance can be ascribed to carbon corrosion followed by agglomeration, detachment and loss
of the supported Pt particles along with the increased hydrophilicity of the catalyst layer possibly
leading to flooding.

46-51

Figure 3.6(b) depicts the polarization performance of PEMFCs

incorporating ALD-Pt/ATO and Pt/C cathode catalysts before and after 5,000 load cycles. Pt/C
lost 9% of its initial peak power density while ALD-Pt/ATO lost 26%. The performance loss in
Pt/C were negligible compared with the catastrophic losses recorded during start-stop cycling. This
further reinforced our assertion that support corrosion has a far more significant effect on catalytic
performance compared to Pt dissolution.2,42 The relatively severe degradation of ALD-Pt/ATO
over the course of the load cycling stability can be attributed to the dissolution and redeposition of
Sb and the consequent poisoning of Pt. The CVs of ALD-Pt/ATO (Figure 3.6(d)) before and after
load cycling stability test exhibit a redox feature with a 0.618V half-wave potential corresponding
to the dissolution and redeposition of Sb. Thus, despite SMSI between the Pt cluster and ATO
mitigating Pt dissolution, the Sb dissolution aggravates the catalyst degradation in the PEMFC
which is further exacerbated by the higher operating temperature (80⁰C in fuel cell vs. room
temperature in RDE), resulting in more severe degradation in the PEMFC compared to that in the
RDE experiment.

3.4 Conclusions
Pt particle dispersion and particle size distribution are critical determinants of the performance of
non-carbon supported Pt. Thus, the choice of Pt deposition method plays an important role in
determining the performance of the synthesized catalyst. Herein, we used ATO as a stable catalyst
support and used ALD to grow Pt catalyst particles on it. ALD-Pt/ATO exhibited much higher
88

activity and ECSA compared to Pt/ATO prepared by conventional wet chemical methods. ALDPt/ATO was found to be superior to benchmark Pt/C and Pt/ATO synthesized using other
deposition method in durability in ex-situ tests where it exhibited no degradation (compared to
57.6 % for Pt/C) under start-stop stability protocol and 22% (compared to 45 % for Pt/C)
degradation under load cycling stability protocol. In a PEMFC, ALD-Pt/ATO also exhibited good
stability (8% peak power density degradation) under start-stop protocol compared with benchmark
Pt/C (69% peak power density degradation). However, significant Sb dissolution and redeposition
was found to poison the catalyst leading to a decline in the performance of ALD-Pt/C during the
load cycling test. Thus, the control of Pt particle size and dispersion along with benign deposition
methods are critical in developing high performance Pt/MMO catalysts. Further, the performance
of such catalyst should be evaluated under PEMFC operating conditions to uncover the real impact
of seemingly minor redox events in the ex-situ tests.
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Chapter 4. Advanced Pt-decorated aerogelSb-doped-SnO2 as a Durable Oxygen
Reduction Electrocatalyst

Supplementary informations are available in Appendix III
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Abstract
The lifetime of commercial Proton Exchange Membrane Fuel Cells (PEMFCs) is circumscribed
by the insufficient durability of commercial catalysts. Herein, we examine the effect of the
synthesis method on the catalyst stability and activity, report a novel catalyst-seeded-support
technique to improve catalyst dispersion (and hence activity and stability) and finally, utilize this
model catalyst to elucidate the factors affecting the translation of high-performance catalysts to
operating PEMFCs. The morphology and crystal structure of model antimony doped tin oxide
(ATO) supports were engineered using a novel Pt seeding technique and uniform Pt particle
dispersion was achieved. Model Pt/Pt-aerogel-ATO (Pt supported on Pt-seeded aerogel ATO)
exhibited 20% higher peak power density than Pt/C, 50% higher peak power density than
Pt/xerogel-ATO and <1/6 the loss of active surface area as compared to Pt/C. In a PEMFC under
the start-stop stability regime the Pt/Pt-aerogel-ATO and Pt/xerogel-ATO retained their initial
peak power density as opposed to a 58% loss for Pt/C. The Pt/Pt-aerogel-ATO exhibited higher
peak power densities compared to benchmark commercial Pt/C in a H2/air PEMFC. Analysis of
the ohmic and mass transfer losses in PEMFCs indicated that improved support particle dispersion
enhances catalyst layer uniformity. The denser catalysts result in a thinner catalyst layer reducing
the electrode resistance and the mass transfer resistance in the catalyst layer. Further, end user cost
modelling indicates that Pt/Pt-aerogel-ATO is 26% less expensive than Pt/C over its useful lifetime.
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4.1. Introduction
Low-temperature Proton Exchange Membrane Fuel Cells (PEMFCs) have been commercialized
as automotive power sources with rapid startup and ease of refueling that is comparable to internal
combustion engines, with the added advantage of zero emission.1 However, several challenges
remain concerning lifetime, reliability, and ultimately, cost. Given the expected decadal lifetimes
of typical automobiles, a critical issue is PEMFC component durability.2 Platinum supported on
high surface area carbon is one of the most widely used electrocatalysts in PEMFCs where the
carbon support enables good dispersion of the platinum particles (2-3nm) and relatively high
oxygen reduction reaction (ORR) activity.3 However, carbon support corrosion occurs over the
course of regular PEMFC operation due to the relatively low standard electrode potential for
carbon oxidation (0.207V vs. standard hydrogen electrode (SHE)).4 This problem is aggravated
during the start-up and shut-down of a PEMFC automotive stack, when the cathodic potential can
spike up to 1.5V vs. RHE by the well-known hydrogen-front (reverse-current decay) mechanism.5
The extremely large overpotentials thus generated lead to rapid carbon corrosion resulting in
catalyst particle detachment and aggregation,

leading to significant decreases in the

electrochemically activity surface area (ECSA) and mass activity of the catalyst. 2,6 Moreover,
carbon surface oxidation increases the surface hydrophilicity and compromises the porous
structure of the catalyst layer, resulting in deteriorating mass transport to the reaction sites,
undermining fuel cell performance.7 Carbon corrosion can also occur at the anode under fuel
starvation regimes with similar consequences. Thus, the phenomenon of carbon corrosion poses a
serious problem at both electrodes, ultimately resulting in catastrophic cell failure. The mitigation
of carbon corrosion calls for the development of corrosion-resistant (and by inference, non-carbon)
catalyst supports at the cathode.
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Numerous alternative electrocatalyst supports have been investigated to replace carbon, with
oxides, nitrides and carbides receiving significant attention.8-18 Some proposed nitride and carbide
catalyst supports exhibit acceptable electronic conductivity. However, nitrides form oxide and
oxynitride layers upon exposure to oxidizing conditions similar to the ones found at the PEMFC
cathode resulting in activity loss.13 Metal carbides have exhibited near metallic conductivity but
unfortunately oxidize to the metal oxide form followed by support dissolution.12 On the other
hand, doped metal oxides (DMOs) exhibit corrosion resistance, higher surface area, and acceptable
electronic conductivity and are a suitable support material to replace carbon. Despite lower surface
area decreasing catalyst dispersion, some metal oxide supports enhance the ORR activity of Pt due
to strong metal support interactions (SMSI).19,20 Thus, a number of Pt/DMO catalysts that are
superior to Pt/C in catalytic activity and stability have been reported.
SnO2 based catalyst support with various transition metal dopants like Sb, Nb, Ta, In, have been
investigated and shown to be conductive.21-26 A subset of these materials exhibit oxidative stability
and performance comparable to or better than benchmark commercial Pt/C in a PEMFC.21,27-30
Nevertheless, significant variations in the properties of DMO based catalysts has been observed
depending on the synthesis method and the present study elucidates the same in case of a model
DMO supported catalyst,
The persistent challenge has been the translation of these high-performance reports (typically
measured using a rotating disk electrode (RDE)) to an operating fuel cell. The prior reports of the
poor fuel cell performance of Pt/DMO catalysts have attributed this issue to the lower conductivity
of the DMO compared to carbon ca. 0.2 S·cm-1.20,28,31,32 However, the overall stack resistance is
largely limited by the resistance of the membrane (0.1S/cm).33,34 Thus, the combination of non-
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limiting support electronic conductivity and the thinner catalyst layer resulting from the denser
Pt/DMO should result in sufficient electrode conductivity.20,31,32
Herein, xerogel, aerogel and Pt-seeded aerogel synthesis methods were used to produce antimony
doped tin oxide as an electrocatalyst support. The Pt supported on Pt-seeded aerogel ATO (Pt/Ptaerogel-ATO) exceeded the performance of Pt/C in an operating H2/air PEMFC. The impact of the
ORR electrocatalyst support characteristics (themselves a function of the synthesis method) on
fuel cell performance was investigated using a combination of electrochemical, microscopic and
spectroscopic techniques. This investigation provides a powerful new support synthesis method
and provides a rational basis to address mass transfer issues in PEMFCs.

4.2. Experimental methods
4.2.1 Synthesis of Pt seeded aerogel-Sb-doped-SnO2 catalyst support:
4 mL of tin chloride and 0.41g of antimony chloride were dissolved in 100 mL of absolute ethanol
followed by addition of 1.5 mL of de-ionized (DI) water followed by15 minutes of stirring under
a nitrogen atmosphere. 12 mL of propylene epoxide were added dropwise to the alcoholic solution
at room temperature with continuous stirring (100 rpm). Within a few minutes, a Sb-SnO2 alcogel
was obtained. The resulting gel was aged for one day at room temperature, and later subjected to
a series of daily solvent exchanges with acetone for a week. In the aerogel method, the acetone
was removed from the wet gel by supercritical CO2 extraction (45 °C and 4000 psi) using SFT100 supercritical dryer (Supercritical Fluid Technologies, Inc.). In the xerogel method, the wet gel
was heated in an oven at 60°C for 12 hours to remove the solvent. The resultant aerogel or xerogel
were annealed at 600℃ and 700℃ respectively in air for 1.5 hours to obtain the final conductive
support. The annealing temperatures were chosen to obtain the optimal combination of electrical
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conductivity and BET surface area (values obtained after annealing at different temperatures is
provided in the supplementary information). The Pt-seeded aerogel method differs from the above
in only one step. In that method initially the required amount of chloroplatinic acid was added
during the dissolution of antimony chloride and no changes were made in the subsequent steps.

4.2.2 Pt deposition on support
The colloidal method was chosen for Pt deposition on the support due to the heuristic observation
of uniform Pt particle dispersion obtainable through this method and the mild Pt reduction
condition. 0.64g of chloroplatinic acid was dissolved in 128mL of DI water, 2.56g of sodium
bisulfite was added followed by stirring for several minutes until the color disappeared. 320mL of
DI water was used to dilute the solution and 0.6M concentration of sodium carbonate solution was
added undtil pH reach to 5. In order to decompose the intermediate complex to form the Pt
hydroxide colloid, 96mL of hydrogen peroxide was added to the colorless solution. Meanwhile a
5 wt.% solution of sodium hydrogen oxide was used to control the pH to 5. After the addition of
the hydrogen peroxide, the solution turned clear yellow in color indicating that the Pt colloidal
suspension was ready to use. 0.4g of synthesized support material was suspended in 40 mL of
water by sonication for 30 minutes, then this suspension was mixed with the Pt hydroxide
nanoparticle colloidal suspension under room temperature by stirring for 14 hours. The Pt
hydroxide nanoparticle colloid deposited on the support was collected by vacuum filtration. The
material was reduced to Pt nanoparticle by stirring in a 50wt% ethanol aqueous solution for 2 hours
at 55°C.
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4.2.3 Physical characterization
The particle crystal structure parameters and elemental maps of the composition were investigated
using a TEM (JEOL F2100) equipped with a LaB6 emitter, ThermoNoran Energy Dispersive Xray Spectroscopy (EDXS) system and a Gatan Model 666 parallel electron energy loss
spectrometer (PEELS) system. The change in composition over the course of the stability test was
analyzed using ex-situ XPS (Physical Electronics 5000 VersaProbe II). The Brunauer-EmmettTeller (BET)-specific surface area of the support was obtained based on multipoint analysis of the
nitrogen desorption isotherm using a commercial BET analyzer (Quantachrome 300e BET
analyzer). The conductivity of the samples was measured using a pellet conductivity cell where
the sample powder was compressed between two copper electrodes to obtain a pellet and
performing electrochemical impedance spectroscopic (EIS) measurements on the pellets. The
conductivity was obtained from the high-frequency intercept. The Pt loading on the catalysts was
determined using ICP-MS (PerkinElmer Elan DRCII).

4.2.4 Electrochemical measurements
Preparation of the thin-film rotating disk electrode (RDE)
The catalyst thin film RDE (Pine instruments, E6R1) was prepared by the deposition of a catalyst
ink prepared by dispersing the catalyst in a mixture of DI water, isopropyl alcohol, and Nafion®
solution (5 wt.% Nafion; 1100 EW; Solution Technologies, Mendenhall, PA). After 10 minutes of
ultrasonication (Qsonica Q700) in an ice bath, the well-dispersed ink was deposited onto a polished
glassy carbon (GC) disk electrode (5mm diameter) and dried at room temperature. This procedure
was used for all forms of Pt/ATO under consideration and resulted in a Pt loading of ~17.2 μgPt·cm2

disk

on the GC electrode. A similar procedure was employed to make the inks and electrodes for
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Pt/C (TEC10E50E 46.5%Pt; sourced from Tanaka, K. K.) to maintain a uniform loading of Pt
across the multiple catalyst being compared.
Voltammetric measurements
All electrochemical experiments were performed in a jacketed cell (Pine instruments, AKCELL3)
filled with 0.1M HClO4 electrolyte, with a Pt mesh counter electrode and a saturated calomel
reference electrode (Pine instruments, RREF0022, 0.241 V vs. SHE). All potentials reported in
this paper were converted to the reversible hydrogen electrode (RHE) scale using the relation
ERHE=ESCE+0.3V. The cyclic voltammograms (CVs) employed to determine the electrochemical
active surface area were obtained by scanning the working electrode potential between 0.08V and
1.2V (vs. RHE) under nitrogen saturation. Linear sweep voltammetry (LSV) was performed under
oxygen saturated conditions at room temperature to measure the catalyst activity for the ORR. The
potential window employed in the experiment was between 0.1-1.1V (vs. RHE) and sweep rate
was 20mV s-1 for four different rotation rates (400, 900, 1600 and 2500 rpm).
Evaluation of catalyst stability
The catalyst stability was evaluated using the same methods we previously reported in He et. al.35
The corrosion rate of catalyst support is greatly influenced by the operation conditions, with the
cathode reaching a potential of 1.5V vs RHE by the “hydrogen-front” mechanism during fuel cell
start-up and shut-down.36 The start-up/shut-down accelerated stability protocol was employed to
evaluate the catalyst support electrochemical stability under conditions resembling the voltage
spikes encountered during start-up and shut-down in an operating fuel cell. During the test, the
working electrode potential was cycled between 1 V to 1.5 V vs. RHE at a scan rate of 500 mV/s
for 10,000 cycles to aggressively simulate the startup-shutdown transients occurring during
PEMFC operation. The test was performed in N2-saturated 0.1 M HClO4 electrolyte at room
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temperature. Over the course of this stability test, any changes in the ECSA was monitored using
cyclic voltammetry with a scan rate of 20mV/s recorded periodically after 0, 50, 100, 200, 500,
1000, 2000, 5000, 10000 cycles. To calculate the ECSA, the charge corresponding to desorption
of a full monolayer of hydrogen from polycrystalline Pt was assumed to be 210μC/cm2 and was
calculated using the following equation37:

𝐸𝐶𝑆𝐴 = [

𝑄𝐻−𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
]
210𝐿𝑃𝑡 𝐴𝑔

(4.1)

where, QH-adsorption was the Hupd (hydrogen underpotential deposition) adsorption/desorption charge
calculated from the CV, LPt was the loading of Pt (mgPt/cm2) on the working electrode and Ag (cm2)
was the geometric area of the working electrode.

4.2.5 MEA fabrication and testing
The Pt/ATO catalyst inks were made by mixing in the following order, the catalyst, water, 1propanol and Nafion® 2020 ionomer solution (20% wt. in an alcohol-water mixture;
FuelCellStore.com) in the appropriate amounts. The inks were formulated to have an ionomer to
support (I/S) of 0.9 g/g, a water to alcohol ratio ratio of 1.1g/g and total solids content of 3.5wt%.
The ink was stirred overnight, well-mixed using a homogenizer (IKA T25) for 4 hours and finally
sonicated for 5 minutes before use.
Catalyst ink was deposited onto a gas diffusion layer (GDLs, SGL Carbon, GDL- 25BCH)) using
an automated robotic spray system (Asymtek, Nordson). The number of passes and the amount
sprayed each pass were regulated to obtain gas diffusion electrodes (GDEs) with a Pt loading of
0.10 mgPt/cm2 (determined both gravimetrically and by using XRD fluorescence spectroscopy).
MEAs with an active area of 10cm2 were prepared by hot pressing a cathode GDEs (0.10 mg/cm2
Pt loading, Pt/ATO) and, Pt/C anode GDE (TEC10E30E with a Pt loading of 0.10 mg/cm2) onto
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the opposing surfaces of Nafion NR211 membranes. PTFE subgaskets were applied on both sides
of the Nafion membrane to avoid any shorting at the edges during hot pressing and to define the
active area of the electrode. The hot-press condition was 625 kPa pressure for 10 minutes at 130◦C.
Fuel cell testing - The MEA was assembled into a proprietary fuel cell hardware (Nissan Motor
Co., Ltd.) with parallel flow field channels by applying a torque of 1.0 N m. The fuel cell hardware
containing the MEA was connected to a Greenlight test station and heated to 80 °C passing
nitrogen on both sides (0.5 NLPM, 100 % relative humidity). After reaching the test temperature,
the gases were switched to hydrogen and air (4/8 NLPM, 100 % relative humidity) and a constant
current density 1A/cm2 was drawn for 15 minutes to condition the MEA. The fuel cell iV
performance curve was collected with hydrogen (H2) as fuel and air as oxidant at 80°C, 90%
relative humidity of the inlet gases and a total gas pressure of 200 kPaabs. The polarization curves
were collected by scanning the current from open circuit voltage to 20A. The acquisition was
stopped when the voltage dropped below 0.2 V. Hydrogen and air flow rates of 4 and 8 NLPM
were employed due to the parallel open flow design for cell hardware and to suppress any mass
transport limitations.38
MEA Electrochemical Stability- The electrochemical stability of the support was assessed using
an accelerated stress test (AST) protocol .39 The protocol evaluates the stability of the support due
to start/shutdown voltage spikes, on the catalysed support (Pt/ATO), to investigate the impact of
platinum catalyst on the support corrosion rate (start-stop protocol). This protocol effectively
imitates and induces, in an accelerated fashion, the support degradation mechanisms that occur
during extended fuel cell vehicle operation.
During the test, the working electrode potential was cycled in a triangular waveform between 1.0
V to 1.5 V at a scan rate of 500 mV/s (triangular wave form) for 5,000 cycles. Cyclic
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voltammograms (CV) and iV performance curves were recorded initially and after 5000 cycles.
The stability of the catalyst was evaluated from the measured the change in ECSA and in electrode
polarization losses. The experiments were performed at 80°C, with an MEA with an active area of
10 cm2, passing hydrogen (0.5 L/min) through the anode (counter and pseudo-reference electrode)
side and nitrogen through the cathode/working electrode (0.5L/min). The gases were humidified
at 100% relative humidity (RH)

104

4.3. Results and discussion
4.3.1 Material characterization

Figure 4.1. Effect of the synthesis method on the structure and physical properties of the catalyst supports (a) XRD
patterns of Aerogel-ATO, Pt-aerogel-ATO, and Xerogel-ATO. (b) Effect of synthesis procedure on catalyst physical
properties. Electrical conductivity, B.E.T surface area and pore volume of xerogel-ATO aerogel-ATO and Ptaerogel-ATO.
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Table 4.1. Composition and lattice parameters of the ATO supports synthesized using various
methods.
Xerogel-ATO

Aerogel-ATO

Pt-aerogel-ATO

Pt (wt.%)

0

0

1

Sb ratio (%)

5

5

5

a (Å)

4.7697

4.7324

4.7419

b (Å)

4.7533

5.0259

4.7528

c (Å)

3.1910

3.1905

3.1983

The successful synthesis of ATO using the xerogel, aerogel and Pt-seeded aerogel methods was
confirmed using XRD (Figure 4.1(a) and Table 4.1). The strong diffraction peak at about 26.5°,
33.8°, and 51.7° arose from diffractions from the tetragonal SnO2 (110), (101) and (211) planes.
All Sb is present doped into the SnO2 lattice – no diffraction peaks from antimony oxide were
observed in the support materials. Another diffraction peak at 25.4° corresponding to orthorhombic
SnO2 (110) was only recorded from aerogel-ATO. The addition of 1 wt.% Pt to aerogel-ATO
correlated with the disappearance of this orthorhombic phase and reversion to the tetragonal
structure seen with xerogel-ATO that confirms the successful synthesis of ATO.
The critical physical properties of the as-prepared supports, namely electrical conductivity, pore
volume and the BET surface area, were measured as depicted in Figure 4.1 (b). Further the effect
of the annealing temperature on these samples was evaluated and are depicted in Appendix II
Figures A3.1 and A3.2. ATO samples synthesized using the aerogel route were found to yield
electrical conductivity ≥0.2S·cm-1 when annealed at or above 700℃ along with relatively high
surface area and porosity. Following annealing at or above 500℃, Xerogel-ATO samples exhibited
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the required conductivity (two times higher than the electrolyte resistance) and higher surface area,
unfortunately followed by significant conductivity loss after Pt deposition (Figure A3.4). All
measurements on xerogel-ATO were carried out on samples annealed at 600℃ with the
temperature chosen to ensure similar surface area as Pt seed aerogel-ATO (Pt-aerogel-ATO) and
aerogel-ATO.
The support electrical conductivity has been identified as a critical factor affecting fuel cell
performance and high support surface area and pore volume is desirable as it enables Pt
dispersion.33,40 As expected, the electrical conductivity and the pore volume were found to be anticorrelated as. The supercritical drying step utilized in aerogel synthesis was found to result in an
eightfold increase in the pore volume. The surface area of the xerogel-ATO was 42 m2·g-1 with 6.2
S·cm-1 conductivity. Meanwhile, the surface area of aerogel-ATO was 52 m2·g-1 with 0.25 S·cm-1
conductivity. The porosity of the aerogel-ATO was 0.8 cm3·g-1, a tenfold increase over the xerogelATO at 0.075 cm3·g-1. The Pt-aerogel-ATO had a surface area of 41 m2·g-1, porosity of 0.6 cm3·g1

and conductivity of 0.32 S·cm-1, comparable with aerogel-ATO. Crucially, all three methods

yielded supports with electrical conductivities exceeding that of the ionomer separator.
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Figure 4.2. (a)TEM and STEM image of PtOx/aerogel-ATO and Pt/aerogel-ATO. (b)TEM and STEM image of
PtOx/Pt-aerogel-ATO and Pt/Pt-aerogel-ATO. (c)TEM image of PtOx/xerogel-ATO and Pt/xerogel-ATO (d) Pt
deposition scheme base on different support material.

The second key requirement is optimal Pt dispersion. Carbon, as a high surface area support
material with a relatively high BET surface area and pore structure, provides a good platform to
disperse and anchor nano-sized Pt particles. In contrast, the lower surface area and porosity renders
metal oxide support a more challenging platform for Pt particle dispersion. To achieve good
dispersion of Pt particles, the supercritical drying method was employed to significantly increase
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the pore volume. In case of the Pt-seeded aerogel, the nucleation of Pt was directed by the presence
of surface Pt sites.
The colloidal method was used to deposit Pt on all three supports. The amount of Pt deposited was
controlled stoichiometrically and verified by dissolving the deposited Pt in hot aqua regia and
measuring the Pt loading using ICP. After dissolving these Pt catalysts in hot aqua regia, the Pt
loading amounts were found to be 16% (Pt/xerogel-ATO), 22% (Pt/aerogel-ATO) and 30% (Pt/Ptaerogel-ATO). Following the reaction with the same amount of Pt precursor, the volumetric
(support pore volume) Pt loading on xerogel-ATO, aerogel-ATO and Pt-seeded aerogel-ATO were
2.53 gPt cm-3, 0.35 gPt cm-3 and 0.71 gPt cm-3, respectively. This translates to precursor utilization
values of 0.00194 molPt·L-1. Despite the almost identical pore volume, the increase in deposited Pt
on Pt-seeded aerogel ATO compared to aerogel-ATO is attributed to the improved Pt nucleation
ensured by the Pt seeds.
During the colloidal deposition process the Pt oxide colloidal adsorption is affected by the
surface charge which is independent of the crystal structure of the material.41 TEM images
(Figure 4.2) show that following the adsorption of Pt oxide colloidal particles, no significant
difference in particle dispersion was observed between the various supports despite the observed
differences in the crystal structure. All support materials adsorbed monodispersed 1-2 nm Pt
oxide particles (Figure 4.2 (a), (b) (c)). However, after reduction, Pt particles exhibited severe
agglomeration on the aerogel-ATO and xerogel-ATO with some particles isolated from the
support material. On the other hand, The Pt-seeded-aerogel-ATO exhibited well-dispersed Pt
nanoparticles with an average particle size of 3nm. The agglomeration of Pt during the reduction
process is inevitable as Pt particle growth occurs by particle coalescence. 42 Further, Pt
preferentially nucleates on the support facet with minimal lattice mismatch, to reduce the
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aggregate surface energy.43 Thus, the similar lattice constants of Pt/xerogel-ATO and Pt/Ptaerogel-ATO indicates that the variation in the dispersion of Pt clusters on them is the function
of a tripartite interaction between surface area, porosity, substrate morphology and crystal
structure. Upon reduction, Pt is hypothesized to preferentially nucleate on the Pt seeds as
opposed to the facet with minimal lattice mismatch, thereby leading to more uniform Pt particle
growth as depicted in Figure 4.2(d).
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Figure 4.3. XPS spectra at the Pt 4f region of Pt/xerogel, Pt/aerogel-ATO, Pt/Pt-aerogel-ATO and, Pt/C.
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The Pt-4f XPS data (Figure 4.3), indicated that Pt(0) was the main constituent in the Pt/Pt-aerogelATO and Pt/Xerogel samples, indicating the successful reduction of Pt oxide. However, the
majority of Pt exhibited Pt (II) and Pt (IV) oxidation states in the Pt/aerogel-ATO sample. The Pt
particle nucleation and growth involves a two-step mechanism - (1) the reduction of Pt4+ to Pt0,
followed by (2) acceleration of Pt ionic species reduction via an autocatalytic process.44-46 Thus,
the pre-seeded Pt catalyzes the reduction reaction

45,46

in agreement with XPS observations. The

shorter reduction process resulting from the use of the colloidal method can also help to control
the particle size.42 Thus, the Pt seeding process allowed us to benefit from the high surface area
produced by the supercritical drying process while also aiding in Pt reduction. The final oxidation
states of Pt on Pt-seeded-aerogel-ATO was found to be remarkably similar to Pt/xerogel-ATO and
Pt/C.
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4.3.3 Rotating disk electrode measurements and analysis

Figure 4.4. (a) CVs of Pt/Pt-aerogel-ATO, Pt/xerogel-ATO, Pt/C, and Pt/aerogel-ATO on 0.1964 cm2 GC disk
(catalyst loading = 17.2 μg·cm-2Pt) at room temperature in N2 saturated 0.1M HClO4 at a sweep rate of 50 mV·s-1;
(b) Comparison of ORR polarization curves on Pt/Pt-aerogel-ATO, Pt/xerogel-ATO, Pt/C, and Pt/aerogel-ATO in
O2-saturated 0.1M HClO4 at 20 mV·s-1. (c) ECSA as a function of AST potential cycles.

CVs (Figure 4.4(a)) were recorded with Pt/xerogel-ATO, Pt/aerogel-ATO, Pt/Pt-aerogel-ATO,
and benchmark Pt/C thin-film RDEs in N2-saturated 0.1M HClO4 to measure the electrochemical
active surface area (ECSA). The ECSA of Pt/xerogel-ATO, Pt/aerogel and Pt/Pt-aerogel-ATO was
found to be 41 m2·gPt-1, 30 m2·gPt-1, and 38 m2·gPt-1 respectively, whereas the Pt/C catalyst had an
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ECSA of 83 m2·gPt-1. The higher ECSA of the carbon supported Pt is attributed to the higher surface
area and pore volume of carbon supports. The variation in ECSA values between the different
electrodes was attributed to the difference in Pt particle size and ionomer distribution between
them, wherein, the comparatively low ECSA of Pt/DMO can be ascribed to the lower surface area
of metal oxide support leading to agglomeration of Pt particles during the Pt deposition process.
The ECSA variation between the different ATO supported catalysts is a function of the volumetric
Pt loading which was found to positively correlate with the ECSA.
The ORR activity of Pt on the various ATO supports was measured and compared to benchmark
Pt/C. Figure 4.4(b) depicts the corresponding LSVs at 1600 rpm wherein the mass activity of
Pt/xerogel-ATO, Pt/aerogel-ATO, Pt/Pt-aerogel-ATO were measured to be 118mA·mgPt-1,
15mA·mgPt-1 and 126mA·mgPt-1 (at 0.9V vs. RHE) respectively, and area-specific activity was
287µA·cmPt-2, 42µA·cmPt-2, and 331µA·cmPt-2 (at 0.9V vs. RHE), respectively. In comparison, the
Pt/C mass- and area-specific- activities were 133mA·mgPt-1 (at 0.9V vs. RHE) and 166µA·cmPt-2
(at 0.9V vs. RHE) respectively which were found to be consistent with values reported in the
literature.47 This higher ORR -specific activities in the case of Pt/xerogel-ATO and Pt/Pt-aerogelATO can be ascribed to strong metal-support interactions (SMSI), predicted by density functional
theory (DFT) calculations and confirmed using XPS, between the ATO support and the Pt
nanoparticle clusters by a ligand interaction mechanism.20,48,49 The ORR activity of Pt/aerogelATO is reduced due to the presence of Pt oxides on surface as inferred from the XPS data in Figure
4.6(a). Further evaluation was confined to Pt/xerogel-ATO, Pt/Pt-aerogel-ATO and Pt/C.
The catalyst durability was evaluated using the start-stop accelerated stability protocol and the
change in ECSA was monitored. Figures A3.6 displays the CVs recorded with the pristine catalyst
and after 10000 stability cycles on Pt/C, Pt/xerogel-ATO and Pt/Pt-aerogel-ATO catalysts
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respectively. Only Pt/C displayed significant change in capacitance indicative of change in ECSA.
Figure 4.4(c) depicts the evolution of the catalyst ECSA over the course of this stability test. Pt/C
showed a 57.6% loss of ECSA over the course of the start-stop stability test compared to
Pt/xerogel-ATO and Pt/Pt-aerogel-ATO which lost only 2% and 10% of its initial ECSA
respectively, indicating their superior stability. The ECSA degradation on Pt/C was attributed to
the electrochemical corrosion of carbon resulting in agglomeration and dissolution of isolated Pt
particles and accelerated detachment of Pt particles from the support.50 6,51

4.3.4 Fuel cell performance and polarization data analysis
The ex-situ RDE test is useful in screening electrocatalysts under ideal test conditions. However,
the true viability of an electrocatalyst should be ascertained from in-situ tests in a PEMFC. The
H2-Air I-V performance obtained from MEAs prepared with Pt/xerogel-ATO, Pt/Pt-aerogel-ATO
and Pt/Care shown in Figure 4.5(a). All three catalysts displayed similar activation losses, as
expected for supported Pt catalysts. Despite the variations in activity and the SMSI between Pt and
ATO, the much lower loading on the MEA as compared to the RDE obviates these effects. Pt/Ptaerogel-ATO delivered the best peak powder density (0.77 W·cm-2 at 0.42V) compared with Pt/C
(0.63 W·cm-2 at 0.45V) and Pt/xerogel-ATO (0.39 W·cm-2 at 0.36V) under same operating
condition at 0.5V, Pt/Pt-aerogel-ATO delivered more than 2 times power density than that of
Pt/xerogel-ATO while exceeding Pt/C by 100 mWcm-2. The polarization data was analyzed using
the method proposed by J.M. Fenton to investigate the impact of support properties on the PEMFC
performance and to evaluate the translation of RDE results to working PEMFCs.52
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Figure 4.5. (a) Comparison of fuel cell performance (H2/Air) obtained for Pt/xerogel-ATO, Pt/Pt-aerogel-ATO and
Pt/C at 80°C, 90%RH and 200 kPaabs. Pt loading at the cathode: 0.10 mgPt·cm-2. Pt loading at the anode: 0.10
mgPt·cm-2. (b-c) The comparison of ohmic resistance and mass transfer caused overpotential at 400mA.cm-2 and
1400 mA·cm-2 for different MEAs in H2/Air PEMFC.

116

Our analysis considered four major sources of polarization : (1) non-electrode ohmic resistance
(comprising ionic resistance of the membrane, electronic resistance of the gas diffusion layer,
and all contact resistances between components); (2) electrode ohmic resistance (comprising
resistance to ionic and electronic transport through the cathode ); (3) non-electrode concentration
overpotential loss (comprising gas transport resistance through the gas diffusion layer and binder
film in the electrode where oxygen is not consumed); (4) electrode concentration overpotential
loss (comprising oxygen transport resistance through the cathode electrode where it is
consumed).52
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Figure 4.6. (a-c) Secondary electrode mode SEM image of catalyst layer surface. (d-f) backscatter electron SEM
image of catalyst layer surface, the high light green corresponded to Pt meal. (g-i) Secondary electron mode SEM
image of GDE cross section. (j-l) Backscatter electron mode SEM image of GDE cross section, high light green
region corresponded to Pt based catalyst layer.

Figure 4.5(b) depicts the non-electrode ohmic resistance caused overpotential at 400mA·cm-2 and
1400mA·cm-2 with air as oxidant for each MEAs tested. Given that all MEAs had the same
membrane and gas diffusion layer, in principle, there should have no variation in non-electrode
resistance. However, the MEA with Pt/xerogel-ATO as catalyst had highest non-electrode ohmic
overpotential of 59 mV at 400 mA·cm2 while the values for Pt/C and Pt/Pt-aerogel-ATO MEAs
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were 28 mV and 22 mV, respectively. This difference is attributable to the surface morphology of
the MEA and the resultant contact resistances. As shown in the Figure 3.10, the Pt/C and Pt/Ptaerogel-ATO MEAs exhibit uniform particle deposition on the gas diffusion layer with a very flat
catalyst layer surface. However, the Pt/xerogel-ATO MEA (Figure 4.6 (a), (d), (g), (j)), exhibits
micrometer-scale catalyst particles on the surface of the catalyst layer leading to non-uniform
contact between the cathode and the separator. Lack of contact between the MEA and the separator
over large areas results in significant increases in the contact resistance .53 Thus, Pt/xerogel-ATO
MEAs exhibited the highest non-electrode ohmic overpotential both in lower and higher current
region.
Electrode ohmic resistance was calculated from the iR-free fuel cell data using standard methods
from the literature.31,32,52 The calculated Re for Pt/xerogel-ATO,Pt/Pt-aerogel-ATO and Pt/C
MEAs were 4,5 and 24 mΩ·cm2 respectively. The lower electrode resistance of MEAs with
Pt/xerogel-ATO and Pt/aerogel-ATO resulted in the lower overpotential depicted in Figure 4.5(c).
Despite the carbon support having higher electric conductivity compares to the metal oxide support,
the Re values do not reflect this advantage, indicating that the electric resistance of the catalyst
support layer is not the major barrier for its application in an MEA. Thus, instead of pursuing
supports with carbon-like electric conductivity, optimizing the catalyst slurry during MEA
fabrication is more desirable. The SEM backscattered electron images in Figure 4.6(j-l) indicate
that the thickness of Pt/xerogel-ATO and Pt/Pt-aerogel-ATO MEAs were 600±300 nm and 530±60
nm respectively compared to 8.5±0.5 µm thickness for the Pt/C catalyst layer (before assembling).
The ca 10x thickness of the Pt/C catalyst layer leads to increased proton transfer resistance. The
thinner Pt/xerogel-ATO and Pt/Pt-aerogel-ATO layers lead to lower proton transfer resistance and
more than compensate for the negative effect from lower support electronic conductivity.
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The non-electrode concentration overpotential depicted in Figure 4.5(d) was 68 mV at 400
mA·cm2, 287mV at 1400 mA·cm2 for Pt/xerogel-ATO MEAs, which was higher than Pt/C (28mV
at 400 mA·cm2, 102mV at 1400 mA·cm2) and Pt/Pt-aerogel-ATO (21mV at 400 mA·cm2, 28mV
at 1400 mA·cm2). The non-electrode concentration overpotential is associated with the water and
gas transfer resistances across the MEA, leading to the flooding of the catalyst layer in extreme
cases. The thickness of ionomer coverage of catalyst particles and the overall thickness of the
catalyst layer constitute the two countervailing factors affecting water and gas transport. The lower
surface area of DMO supported catalysts compared to Pt/C led to thicker ionomer layers despite
the same ionomer loading increasing the water and gas transport resistance and hence the nonelectrode concentration overpotential.54,55 However, the lower pore volumes of the Pt/DMO
catalyst and higher density of DMO support also results in thinner catalyst layers on the GDL
which in turn aid in water and gas transport across the catalyst layer. The influence of the thinner
catalyst layers became more apparent at the higher current, mass-transport limited region (as
shown in Figure 4.5(d)).
The electrode concentration overpotential shown in Figure 4.5(e) was unchanged within
experimental error between the various MEAs. This is attributed to the formation of similar triple
phase boundaries in all three cases due to the similarity in catalyst ionomer loading, operation
temperature, and relative humidity.
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Figure 4.7. Comparison of fuel cell performance (H2/Air, iR-free) obtained for Pt/xerogel-ATO, Pt/Pt-aerogel-ATO
and Pt/Vulcan Carbon before (BoL) and after (EoL) start-stop protocol for 1,000 and 5,000 cycles at 80°C, 90%RH
and 200 kPaabs. Pt loading at the cathode: 0.10 mgPt·cm-2. Pt loading at the anode: 0.10 mgPt·cm-2.

The AST protocol employed in fuel cell start-stop stability test (figure 4.7) was same as in RDE
with the cathode potential being cycled in a triangular waveform between 1-1.5V at scan rate of
500mV/s. The Pt/xerogel-ATO and Pt/Pt-aerogel-ATO based PEMFCs exhibited minimal losses
in power density at 1V after 1000 stability cycles and exhibited a ca 3% loss of power density
even after 5000 AST cycles. However, PEMFCs with benchmark Pt/C cathodes had a 42% loss
of the initial peak power density after only 1000 AST cycles. This loss was much more severe
compared to the Pt/C ECSA loss in the in-situ test. This attributed the much higher loading of
Pt/C in a PEMFC MEA, which caused thicker catalyst layer than in the RDE electrode. Thus, the
increased hydrophilicity of the catalyst layer (possibly leading to flooding) caused by the carbon
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oxidation will more significantly show in the fuel cell performance. Mechanistically, carbon
corrosion followed by agglomeration, detachment and loss of the supported Pt particles result in
the observed performance degradation. 40,56-60
Preliminary cost model for Pt/ATO (This work was done by Cenk Gumeci, Javier Parrondo
and Nilesh Dale at Nissan Technical Center North America as part of collaborative research)
The cost model is presented in ESI section S6. The key consideration was to examine the effect of the
improved catalyst durability on the lifetime costs of Pt/ATO catalysts compared to Pt/C. The increased
support costs reduces the Pt contribution to materials cost from 99% to 93%. Despite the added cost of the
support, the significantly enhanced durability of Pt/ATO improves the lifetime of the catalysts and hence
reduces the lifetime costs by 26% compared to Pt/C. The various cost components are listed in Table 3.2
and the impact of the durability is illustrated.

Table 4.2. Durability Considerations for Cost - Pt/ATO vs. Pt/Vulcan XC-72.
Pt/ATO

Pt/Vulcan XC-72

Cathode Pt loading (mgcm-2)

0.10

0.10

Rated Power (mW/cm2)

283

285

Pt

$841.32

$837.48

ATO

$57.05

$ -

other

$3.00

$3.44

Total Material Cost ($/Stack)

$901.37

$840.91

Total Material Cost ($/kWnet)

$11.27

$10.51

Durability Factor (DF)

1

0.69

Total Material Cost after durability
considerations ($/kWnet)

$11.27

$15.23
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4.4 Conclusions
The design of durable and active PEMFC MEAs requires the holistic engineering of the catalyst
layer. The focus on improving any one support or catalyst physical parameter to the exclusion of
others can result in poor translation of ex-situ electrocatalytic activity to in-situ PEMFC
performance. Herein, we show that the judicious selection of synthesis method can yield large
variations in the physical properties of the catalyst which translates all the way to the PEMFC level.
Supports made using a novel Pt seeding technique were found to enable better Pt dispersion and
improve the durability and activity of the resultant catalyst. Pt/Pt-aerogel ATO catalysts were
found to be superior to benchmark Pt/C and Pt/ATO catalysts synthesized using other methods in
terms of activity and durability. This catalyst exhibited ca 3% degradation (compared to 42% for
Pt/C) and superior power density at 1V compared to Pt/C. In conclusion, Pt on Pt-seeded ATO is
a durable and highly active ORR catalyst for PEMFC applications.
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Chapter 5. Summary and Suggestions for
Future Work
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Summary
Several different doped metal oxides (Nb-TiO2, Sb-SnO2, Pt-Sb-SnO2) were synthesized and
demonstrated to be highly stable supports for ORR catalysts when undergoing the voltage
transients associated with the start-stop operation in ex-situ RDE evaluation. These supports also
possess favorable electronic structures resulting in strong metal support interactions between the
supports and the deposited Pt catalyst. This improves the ease of electron transfer to the higher
energy 2p 𝜎 ∗ orbitals of O2, thereby rendering the four-electron transfer more facile and
improving the overall ORR efficiency. The ex-situ RDE test is useful in screening
electrocatalysts under ideal test conditions. However, the true viability of an electrocatalyst
should be ascertained from in-situ tests in a PEMFC. TiO2 based catalyst supports whose
conductivity comes from oxygen deficiencies becomes unstable in fuel cell operating conditions,
because the sub-stoichiometric Ti and the dopant elements are converted to stoichiometric ratios
when exposed to high potential window. In contrast, SnO2 based supports whose conductivity
comes from the increasing of free electrons concentration and is stable during PEMFC operation.
Furthermore, the selection of synthesis method can yield large variations in the physical
properties of the catalyst which can influence the performance of the fuel cell. Improved support
particle dispersion enhances catalyst layer uniformity, resulting in lower ohmic and mass transfer
losses in PEMFCs. Additionally, the denser catalysts result in a thinner catalyst layer reducing
the electrode resistance and the mass transfer resistance in the fuel cell.
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Future work
One of the biggest challenges in PEMFC research is to design a catalyst layer with maximized
H2/Air performance, which largely depends on the homogeneity of the ionomer distribution in the
catalyst layer. It has been demonstrated that the catalyst ink properties and composition are critical
in obtaining a good catalyst layer. Metal oxide supported catalysts have been demonstrated with
higher performance than commercial Pt/C in PEMFC. However, how the interaction between the
ionomer and metal oxide support is still not clear. Further work can focus on examining the effect
of the solvent type and water content in the catalyst ink on the resultant catalyst layer morphology
when using different kinds of ionomers. 3D X-ray computed tomography (X-ray CT) can be used
to obtain the size and distributions of pores and catalyst agglomerates. Along with particle size
distribution and ionomer coating thickness and coverage, a model of the catalyst layer can be
created to simulate the real catalyst layer with metal oxide supports under different operation
conditions.
A second avenue is to explore the use of corrosion-resistant metal oxide catalyst supports for other
electrochemical applications. Due to the higher oxidation potential at the electrolyzer anode, the
materials that can be used as supports are limited. However, the doped metal oxide is a commonly
accepted catalyst support in PEM electrolyzer, because of its good electrical conductivity, stability
in acidic environment, and because of its role in improving the stability of iridium/ruthenium
catalyst anodes during the oxygen evolution reaction.
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Appendix I. Supporting Materials for
Chapter 2
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Effect of annealing conditions on the conductivity of NTO
To understand the effect of the reducing conditions maintained during annealing (by passage of
H2), XPS spectra was recorded for NTO-air (sample prepared with heat treatment under air) and
NTO-H2 (sample prepared with heat treatment under hydrogen gas). In the XPS spectra depicted
in Figure 3, the peaks at 458.8 and 464.7 eV were attributable to Ti(IV), the peaks at 457.5 and
463 eV correspond to Ti(III), while Nb(V) and Nb(IV) are represented by the peaks at 207.7 and
206.2 eV respectively. By fitting the spectra for the air and H2 annealed NTO, the effect of the
annealing conditions was examined, and it was found that Ti and Nb were reduced during
annealing under H2. This agreed with experimental results wherein NTO-H2 showed more than
100x the electronic conductivity of NTO-air. The H2 environment aided in the doping of TiO2 by
reducing Nb to Nb(IV) and served to buildup O2 vacancies that led to improved electronic
conductivity. This confirmed prior theoretical predictions regarding the role of O2 vacancies in
the conductivity of NTO.
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Figure A2.1. Effect of annealing atmosphere - Nb and Ti XPS spectra for the Nb-doped-TiO2 after annealing under
H2 and air
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Figure A2.2. Effect of annealing temperature on Nb-doped-TiO2 electrical conductivity.
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Experimental determination of the collection efficiency of the Rotating Ring-Disk Electrode
(RRDE)
The ferrocyanide/ferricyanide redox reaction is a single-electron-transfer, reversible reaction that
is commonly used to estimate the collection efficiency in a RRDE system.1 The experiment was
performed in 10 mM potassium ferricyanide [Fe(CN)6 3–] in 1.0 M potassium nitrate. The disk
electrode potential (a freshly polished glassy carbon electrode) was swept from -0.1 V to 0.5 V
vs. the saturated calomel electrode (SCE) at a scan rate of 2 mVs–1. The Pt ring was hold at 0.5 V
vs. SCE (a sufficiently positive potential) to assure complete re-oxidation of the ferrocyanide
[Fe(CN)6 3–] generated at the disk. The redox reaction occurring at the disk electrode is the
following:
Fe(CN)6 3– + e– → Fe(CN)6 4–

(A1.1)

As ferricyanide is reduced at the disk, the ferrocyanide generated by this reaction is swept
outwards (in a radial direction) away from the disk and towards the ring electrode. The measured
ratio of the ring current (anodic reaction) to the disk limiting (cathodic reaction) is the collection
efficiency (N) of the RRDE.
𝑁 = −𝑖𝑅𝑖𝑛𝑔 ⁄𝑖𝐷𝑖𝑠𝑘

(A2.1)

The collection efficiency for our RRDE system changed slightly with the rotation rate. It was
27.2% at 100 r.p.m., 27.0% at 400 r.p.m., 26.7% at 900 r.p.m. and 26.6% at 1600 r.p.m. The
experiments showed the collection efficiency was independent of the disk potential.
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Figure A2.3. Disk and ring currents for Ferricyanide/Ferrocyanide redox reaction measured at a scan rate of 2 mV s1 in 10 mM potassium ferricyanide (in 1.0 M potassium nitrate). Ring potential was held at 0.5 V vs. SCE.
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Koutecky-Levich plots
The application of the Koutecky-Levich equation as described in section 2.3.3 of the main
text allowed us to calculate the number of electrons involved in the ORR at various
potentials. Figure A2.4 depicts the results of these calculations.

Figure A2.4. Koutechy-Levich plots and number of electron transferred for ORR on (a,b) Pt/C, (c,d) Pt/aerogelNTO.

Effect of potential excursions on SMSI
The change in the average oxidation states of Nb and Ti over the course of the start-stop stability
test could affect the SMSI behavior of the NTO support. This hypothesis was tested by examining
the Pt 4f XPS spectra of the fresh Pt/NTO catalyst as well as the Pt/NTO catalyst after 10,000
cycles of the stability protocol. The results are depicted in Figure A2.5. It was clearly observed
that the Pt 4f electron binding energy was practically unchanged following the rigorous potential
excursions employed here. This indicated that the SMSI behavior can be expected to be unchanged
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and will not contribute to any observed loss in activity or ECSA over the course of the stability
test.

Figure A2.5. XPS spectra at the Pt 4f region of Pt/C, Pt/aerogel-NTO and Pt/aerogel-NTO after 10,000 cycles
start/stop durability test.
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Fuel cell polarization curves

Figure A2.6. Comparison of fuel cell performance (H2/Air) obtained for Pt/aerogel-NTO, Pt/C before (BoL) and
after (EoL) AST over 500 cycles at 80°C, 80%RH and 200 kPaabs. Pt loading at the cathode: 0.20 mgPt/cm2. Pt
loading at the anode: 0.10 mgPt/cm2.
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Figure A2.7. Comparison of fuel cell performance (H2/O2) obtained for Pt/aerogel-NTO, Pt/C before (BoL) and
after (EoL) AST over 500 cycles at 80°C, 80%RH and 200 kPaabs. Pt loading at the cathode: 0.20 mgPt/cm2. Pt
loading at the anode: 0.10 mgPt/cm2.

Density Functional Theory Calculations (This work was done by Ivana Matanovic, Plamen

Atanassov an Mounika Kodali at University of New Mexico and University of California,
Irvine as part of collaborative research)
Density Functional Theory (DFT) with Perdew-Burke-Ernzerhof exchange correlation functional
revised for solids (PBEsol)2 and DFT with a Hubbard U on-site Coulomb correction (DFT+U)
were used to study the structural, electronic, and stability properties of Pt supported on rutile TiO2
doped with Nb. Hubbard parameter U was set to 4.2 and 5.2 for Ti and Nb d-states, respectively.3
All the electronic structure calculations were performed using Vienna Ab initio Software Package
(VASP)4-7 code with the projector augmented-wave pseudopotentials.8,9 The structures of the TiO2
doped with Nb were obtained by using 2x2x3 super cells of TiO2 in the rutile phase with the size
141

of 9.12 x 9.12 x 5.86 Å containing 24 Ti and 48 O atoms in which 1 Ti atom was randomly replaced
by Nb (Figure 1.1 (a)). The structures were first optimized using PBEsol functional after which
PBE+U approach introduced by Dudarev et. al.10 was used as implemented in VASP to calculate
the electronic structure. To test the applied approach in its ability to describe the change in the
electronic structure of TiO2 after doping, electronic density of states of Nb-doped rutile TiO2 were
calculated and had shown to reproduce previous theoretical and experimental results.3,11
DFT+U method was then used to study the electronic structure of platinum supported on Nb-doped
rutile TiO2(110) and TiO2(100) surfaces, which were found to be the most stable surfaces of rutile
TiO2 (Figure 2.1.(b)).12,13 The structure of Pt(111) on top of Nb-doped TiO2(110) was modeled as
three layers of Pt with a super cell of size 8.32 x 14.42 Å on 4 layers of TiO2 with the size of 8.81
x 12.93 Å. The structure of Pt(111) on top of Nb-doped TiO2(100) was modeled using three layers
of Pt with a super cell of size 8.32 x 9.61 Å on 4 layers of TiO2 with the size of 8.88 x 9.20 Å. In
both cases vacuum layer of 14 Å was applied in the direction perpendicular to the surface in order
to prevent interactions between the slab and its periodic images. Electronic energies and density
of states were calculated using PBE+U approach with gamma centered 5x5x1 k-point mesh and
Methfessel-Paxton smearing14 of order 1 with a value of σ =0.2 to aid convergence. In all cases,
plane-wave basis cutoff was set to 400 eV. The change in the electronic structure when supporting
platinum on Nb-doped TiO2(110) and TiO2(100) surfaces was studied by analyzing the change in
the density states for d-orbitals of platinum atoms.
To determine the viability of using Nb-doped TiO2 as a support for Pt, DFT with Hubbard U
correction was applied to study the stability and electronic properties of platinum supported on the
two most stable TiO2 surfaces, namely (110) and (100) surfaces. Interaction energy between
platinum and Nb-doped TiO2(110) and (100) surfaces was calculated as the difference in the
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electronic energy between platinum layers supported on the Nb-doped TiO2(110) or (100) surface
and the sum off energies of unsupported platinum and clean Nb-doped TiO2(110) and (100)
surfaces. The results showed that there is a favorable interaction between platinum and the Nbdoped TiO2 support. The energy of interaction between Pt and Nb-doped TiO2(110) and TiO2(100)
surface was calculated as -0.06 eV and -0.08 eV per atom. Our results also showed that depositing
Pt on Nb-doped TiO2(100) surface was expected to be slightly more beneficial than depositing Pt
on Nb-doped TiO2(110) surface, most likely to the larger differences in the structural parameters
of the Pt(111) and TiO2(110) surface than the Pt(111) and TiO2(100) surface.

Figure A2.8. a) DFT optimized structure of Nb-doped rutile TiO2 b) DFT optimized structure of Pt(111) on Nbdoped TiO2(100) (left) and Nb-doped TiO2(110) surface (right) and c) Projected density of states for d-orbitals of
Pt(111) supported on Nb-doped Ti(100) and TiO2(110) surface. Red – O, tan – Pt, pink – Ti, blue – Nb.

We further calculated projected density of states (PDOS) for d-orbitals of Pt supported on Nbdoped TiO2(110) and TiO2(100) surface to predict the interaction energy between the oxygen and
Pt supported on Nb-doped TiO2 (Figure 2.1 (c)). According to the widely-accepted d-band theory,
the binding energy of an adsorbate to a metal surface is largely dependent on the electronic
structure of the surface.15 The position of the d-band center (εd) relative to the Fermi level (EF) of
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Pt determines the interaction between the adsorbed oxygen and the Pt surface. A lower d-band
center (larger εd-EF difference) means increased filling of the higher energy 2p 𝜎 ∗ orbitals of O2,
which weakens the O-O bond.16 Our analysis of the DFT calculated PODS showed that depositing
Pt on Nb-doped TiO2 lowers the d-band center of platinum by altering its electronic structure. The
d-band center (εd) of surface Pt atoms relative to the Fermi level (EF) was determined to be -1.88
eV for Pt(111), -2.01 eV for Pt(111) on Nb-doped TiO2(100) and –2.15 for Pt(111) on Nb-doped
TiO2(110) surface, respectively. Moreover, comparing our results with previously published results
for platinum alloys and the corresponding volcano dependence of ORR activity versus d-band
center position, supporting Pt on Nb-doped TiO2 changes the d-band of Pt the same way as alloying
Pt with electropositive Co and Ni (Pt3Co and Pt3Ni), which have decreased overpotential for ORR
as compared to Pt.17 DFT calculations and analysis of density of states of Pt(111) and Pt(111)
supported on Nb-doped TiO2, thus, show that depositing Pt on Nb-doped TiO2(110) or TiO2(100)
lowers the d-band center of platinum by altering its electronic structure. As a consequence,
decreased overpotential for ORR is predicted on Pt supported on Nb-doped TiO2.
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Stability of the support materials.

Figure A2.1: (a) Cyclic voltammograms of Vulcan XC-72 carbon before and after 10,000 cycles under start-stop
stability test. (b) Cyclic voltammograms of ATO before and after 10,000 cycles under start-stop stability test. (c)
Change of normalized capacitance of the catalyst supports as a function of cycle number.
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X-ray absorption spectroscopy (This work was done by A.K. Yadav and K. Bhattacharyya at
Atomic & Molecular Physics Division Bhabha Atomic Research Center as part of
collaborative research)
The normalized XANES spectra at Pt L3 edge is depicted in Figure A2.2(b) along with that of
PtO2 and Pt foil standards. The peak around ~11568 eV had different intensity for different samples
and was in direct proportion to the presence of empty 5d states.1 After ALD of Pt on ATO, the
peak intensity decreased and was lower than the Pt/C, indicating that the electron concentration of
ALD-Pt/ATO was lower than the Pt/C. This indicated a strong transfer of electrons from support
to Pt, thereby indicating the presence of SMSI between the Pt cluster and ATO

Figure A2.2. Catalyst-support electronic interactions. (a) Normalized XANES spectra at Sn K edge with Sn metal
foil. (b) Normalized XANES spectra at Pt L3 edge along with Pt metal foil and PtO2

The possibility of enhanced ORR activity through SMSI was investigated using XANES. The
normalized XANES spectra at Sn K-edge is depicted in Figure A2.2(a) along with that of Sn
metal foil. The absorption edge position is sensitive to the oxidation state and chemical
environment of the absorbing atom. For the ALD-Pt/ATO sample, Sn edge energy was found to
be shifted towards lower energy compared to ATO, similar to observations by Murata et al..1 The
white line peak intensity also increased with lowering the absorption edge position. Murata et al.
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state that since the electronegativity of Sn (1.8) is lower than Pt (2.2), more electrons try to
remain at the Sn site in the Pt-O-Sn system than in the Sn-O-Sn system, resulting in a Sn K edge
shift towards the lower energy side. This indicated that Pt was interacting with Sn sites and
modified the electronic state of Sn.
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Accelerated stress test (AST) of the catalyst candidates in RDE.

Figure A2.3 Cyclic voltammograms of (a) Pt/C, (c) ALD-Pt/ATO, (e) f-Pt/ATO, and (g) e-Pt/ATO on 0.1964 cm2
GC disk (catalyst loading = 17.2 mg·cm2Pt) at room temperature in N2 saturated 0.1M HClO4 at a sweep rate of
20mV.s-1before and after 10,000 start-stop stability cycles; Cyclic voltammograms of (b) Pt/C, (d) ALD-Pt/ATO,
(f) f-Pt/ATO, and (h) e-Pt/ATO on 0.1964 cm2 GC disk (catalyst loading = 17.2 mg·cm2Pt) at room temperature in
N2 saturated 0.1M HClO4 at a sweep rate of 20mV.s-1before and after 10,000 load cycling stability cycles.
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Accelerated stress test (AST) of the catalyst candidates in fuel cell.

Figure A2.4 Cyclic voltammogram of MEA with (a) ALD-Pt/ATO and (c) Pt/C before and after 1,000 cycles startstop stability test. Cyclic voltammogram of MEA with (b) ALD-Pt/ATO and (d) Pt/C before and after 5,000 cycles
load cycling stability test.
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Effect of annealing temperature on support physical properties

Figure A3.1. Electrical conductivity of Pt-aerogel-ATO, Xerogel-ATO and Aerogel-ATO as function of annealing
temperature.
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Figure A3.2. B.E.T. surface area of Pt-aerogel-ATO, Xerogel-ATO and Aerogel-ATO as function of annealing
temperature.
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X-ray absorption spectroscopy (This work was done by A.K. Yadav and K. Bhattacharyya at
Atomic & Molecular Physics Division Bhabha Atomic Research Center as part of
collaborative research)
X-ray Absorption Spectroscopy (XAS) measurements, comprising X-ray Near Edge Structure
(XANES) and Extended X-ray Absorption Fine Structure (EXAFS) techniques, were carried out
on Pt/ATO samples at Sn K edge and Pt L3 edge to understand the local structure. They were
carried out at the Energy-Scanning EXAFS beamline (BL-9) at the Indus-2 Synchrotron Source
(2.5 GeV, 100 mA) at Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India.1,2
The operational energy range of this beamline is 4 KeV to 25 KeV which is recently enhanced up
to 35 KeV. The beamline optics consists of a Rh/Pt coated collimating meridional cylindrical
mirror and the collimated beam reflected by the mirror is monochromatized by a Si(111)
(2d=6.2709 Å) based double crystal monochromator (DCM). The second crystal of DCM is a
sagittal cylinder used for horizontal focusing while a Rh/Pt coated bendable post mirror facing
down is used for vertical focusing of the beam at the sample position.
The measurements have been carried out in transmission mode where three ionization chambers
(300 mm length each) have been used for data collection, one ionization chamber for measuring
incident flux (I0), second one for measuring transmitted flux (It) and the third ionization chamber
for measuring XAS spectrum of a reference metal foil for energy calibration. Appropriate gas
pressure and gas mixtures have been chosen to achieve 10-20% absorption in first ionization
chamber and 70-90% absorption in second ionization chamber to improve the signal to noise ratio.
The absorption coefficient  is obtained using the relation:

I

T

=

−

Ie

x

(A3.1)

0
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where, x is the thickness of the absorber. In case of fluorescence mode, Silicon drift detector is
used to measure the fluorescence intensity If and ionization chamber for measuring incident flux
(I0). The absorption coefficient is obtained using the relation µ=If/I0.
The local structure around the absorbing atom is obtained from the quantitative analysis of EXAFS
spectra. The EXAFS spectra ((k) vs. k) at Sn K edge and Pt L3 edge are shown in Fig. (A3.3 (a)
and (b)) respectively. In order to take care of the oscillations in the absorption spectra  (E ) has
been converted to absorption function  (E ) defined as follows:

 (E) =

 ( E ) − 0 ( E )
0 ( E0 )
(A3.2)

Where, E0 is absorption edge energy,

0 ( E0 ) is the bare atom background and 0 ( E0 ) is the step

in  ( E ) value at the absorption edge. The energy dependent absorption coefficient  ( E ) has
been converted to the wave number dependent absorption coefficient  (k ) using the relation,

K=

2m( E − E0 )
2

(A3.3)

where, m is the electron mass.  (k ) is weighted by k2 to amplify the oscillation at high k and the
χ(k)k2 functions are Fourier Transformed (FT) in R space to generate the  ( R ) versus R spectra in
terms of the real distances from the center of the absorbing atom. The set of EXAFS data analysis
programme available within Demeter software package have been used for EXAFS data analysis.3
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This includes background reduction and Fourier transform to derive the  ( R ) versus R spectra
from the absorption spectra (using ATHENA software), generation of the theoretical EXAFS
spectra starting from an assumed crystallographic structure and finally fitting of experimental data
with the theoretical spectra using ARTEMIS software.
The normalised XANES spectra at Sn K-edge is shown in figure A3.4(A) along with that of Sn
metal foil. The absorption edge position is sensitive to the oxidation state and chemical
environment of the absorbing atom. For the Pt seeded aerogel-ATO sample, edge energy is shifted
lower compared to ATO. The white line peak intensity also increases with lowering the absorption
edge position. Similar shift is also observed for Pt doped SnO2 samples by Murata et al. and the
observed energy shift is about 1.2 eV for 14% Pt doping concentration.4 However, relatively larger
shifts (~2 eV) have been observed in the present samples. Murata et al. attributed this energy shift
in the absorption edge position to lower electronegativity of Sn (1.8) than Pt (2.2) resulting in
greater electron retention at the Sn site in Pt-O-Sn compared to Sn-O-Sn. Thus, the Sn K edge
shifts lower, indicating Pt interactions with Sn sites due to the modified the electronic state of Sn.
The normalised XANES spectra at Pt L3 edge is shown in figure A3.4(b) along with that of PtO2
and Pt foil standards. The peak around ~11568 eV has different intensity for different samples.
The peak intensity in XANES spectra depends on the empty 5d states for Pt and the intensity of
this peak increases with increasing empty 5d states.4 The peak intensity of 1-Pt-aerogel-ATO
sample is found to be higher compared to PtO2. This indicates strong transfer of electron from Pt
to Sn. However, after Pt deposition on the Pt seeded aerogel ATO support, the intensity of the peak
decreased and lower than the Pt/C, which means the electron concentration of Pt/Pt-aerogel-ATO
is lower than the Pt/C, this indicates strong transfer of electron from support to Pt.
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Figure A3.3. (a) Normalised EXAFS spectra at Sn K-edge. (b) Normalised EXAFS spectra at Pt L3-edge.

Figure A3.4 (a) Normalised XANES spectra at Sn K-edge along with Sn metal foil. (b) Normalised XANES spectra
at Pt L3-edge along with Pt metal foil and PtO2.
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Effect of Pt deposition on electrical conductivity

Figure A3.5. Electrical conductivity of the support materials before and after Pt deposition process.
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Accelerated stress test (AST) of the catalyst candidates

Figure A3.6. Cyclic voltammograms of (a) Pt/Pt-aerogel-ATO, (b) Pt/xerogel-ATO and (c) Pt/C on 0.1964 cm2 GC
disk (catalyst loading = 17.2 mg·cm2Pt) at room temperature in N2 saturated 0.1M HClO4 at a sweep rate of
20mV.s-1before and after 10,000 stability cycles;

Density Functional Theory Calculations (This work was done by Ivana Matanovic, Plamen
Atanassov an Mounika Kodali at University of New Mexico and University of California,
Irvine as part of collaborative research)
The Density Functional Theory (DFT) with plane wave basis set and PBEsol functional 5 was applied to
model the crystal structure of SnO2 and 4% Sb doped SnO2. All electronic structure calculations were done
using The Vienna ab Initio Simulation Package6-9 and projector augmented-wave method.10,11 PBEsol cell
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parameters of SnO2 were determined as a=4.72, b=4.72, c=3.20 Å, which are in excellent agreement with
the parameters obtained in this and previous experimental work.12 The DFT+U method with U parameter
of Sn set to 7.7 was used to study the electronic structure of SnO2 and Sb doped SnO2 by calculating the
projected density of states (Figure A3.7). This method reproduces an experimental band gap in SnO2.13 The
interaction energy and electronic structure of Pt deposited on ATO was further studied by using 3 layers of
(111) Pt on 4 layers of (110) or (100) ATO. All calculations were done as spin polarized, using gamma
centered 9x9x9 k-point mesh and tetrahedron method with Blöchl corrections. In all calculations planewave basis cutoff was set to 400 eV.

Figure A3.7. Projected density of states of SnO2 (left) and ATO (right) as calculated using DFT+U approach with U
parameter of Sn set to 7.7.

To determine the suitability of using Sb-doped SnO2 as a support for Pt in PEM fuel cell
application, DFT with U correction was applied to study the stability and electronic properties of
support material and Pt supported catalyst. Our results show that the DFT+U approach correctly
predicts that SnO2 is a semiconductor with a direct band gap of 3.5 eV, which is in excellent
agreement with the experimentally determined band gap of 3.6 eV.13 The band structure
calculations also showed that doping SnO2 with Sb, changes the electronic structure of SnO2 from
a direct band gap semiconductor to the one with the n-type metallic character, which is in a good
agreement with the experiment and previous theoretical calculations.14 Due to the change to the
metallic character caused by doping, ATO is expected to have higher conductivity than SnO2.
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Figure A3.8 (a.) Projected DOS for d-orbitals of Pt (111) supported on ATO (100) ATO (110) surfaces. (b.) DFToptimized structure of Pt (111) on ATO (110) surface (bottom). Red: O, tan: Pt, yellow: Sn, pink: Sb.

The stability and electronic properties of Pt supported on the two most stable SnO2 surfaces,
namely (100) and (110) surfaces were also studied. Our DFT results showed that Pt deposition on
both ATO surfaces is favorable with the bonding interaction between Pt and ATO calculated as 0.10 eV and -0.13 eV per atom in the case of the ATO (110) and ATO (100) surfaces, respectively.
We further calculated the projected density of states (PDOS) for d-orbitals of unsupported Pt and
Pt supported on the ATO (100) and ATO (110) surfaces to study the change in the electronic
energy of Pt supported on ATO (Figure A3.8a). Our analysis of the DFT-calculated PODS showed
that depositing Pt on ATO shifts the d-band center (𝜀d) of Pt by altering its electronic structure.
The 𝜀d of surface Pt atoms relative to Fermi level (EF) was determined to be -2.02 eV for Pt (111),
-1.96 eV for Pt (111) on ATO (100), and -2.06 for Pt (111) on ATO (110) surface. DFT calculations
and analysis of the DOS of Pt (111) and Pt (111) supported on ATO, thus show that depositing Pt
on ATO (100) lowers the d-band center of Pt by altering its electronic structure. As a consequence,
a decreased overpotential for ORR is predicted for Pt supported on ATO (100).15 In addition, due
to the lattice mismatch between SnO2(100) and Pt(111) (fa=14%, fb=-0.5%), and SnO2(110) and
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Pt(111) (fa=15%, fb=-7%), DFT predicts the formation of grain boundaries on the Pt surface
(Figure A3.8b) leading to the increase in ORR activity.16
Cost comparison of Pt/C and Pt/ATO by Nissan (This work was done by Cenk Gumeci,
Javier Parrondo and Nilesh Dale at Nissan Technical Center North America as part of
collaborative research)
Material costs for production of Pt/ATO electrodes as compared to Pt/Vulcan XC-72 were
evaluated to assess the feasibility of metal oxides as supports for PEMFCs catalysts. Vulcan XC72 and ionomer cost data were taken from 2013 FC System Cost Estimation from the DOE (latest
to include Vulcan XC-72 cost).17 The following assumptions were done: 1) With the exception of
the cathode, the rest of the MEA is identical (anode, membrane, GDLs, etc…); 2) The rated power
is at 80C and 100% relative humidity of the inlet gases (to make use of iV performance data from
previous Nissan testing); 3) All cells in the stack are operating identically to a single cell; 4) The
processing costs (cathode ink manufacturing, catalyst application, etc..) are the same for both
catalysts (Pt/ATO vs. Pt/Vulcan XC-72). The only differences in these systems comes down to
material cost of the cathode (Pt/ATO vs. Pt/Vulcan XC-72) and durability and performance of
those catalysts.
Figure A3.9 shows the cathode material cost breakdown. The ATO support is more expensive
than the Vulcan XC-72 carbon support, but the total material cost is still dominated by the platinum.
Pt accounts for ~93% and ~99% of the cathode material cost in Pt/ATO and Pt/Vulcan XC-72
cathodes, respectively. Therefore, the feasibility of employing the metal oxide support comes
down to the durability and performance of Pt/ATO catalyst and how good it is when compared
with state of the art Pt/C catalysts.
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Figure A3.9. Comparison of cathode material cost breakdown for Pt/ATO and Pt/Vulcan.

The major advantage of a non-carbon cathode support is its resistance to corrosion during startstop cycling. Pt/Vulcan XC-72 MEAs did not survive for 5,000 Start/Stop cycles (Nissan carbon
corrosion accelerated degradation protocol described in the experimental section in the main
manuscript) and after 1000 cycles showed a dramatic loss in iV performance (see Figure 4.7). On
the other hand, Pt/ATO experienced less than 10% decrease in iV performance after Pt/ATO 5,000
Start/Stop cycles. In FC Systems with equal performace, the improved durability of Pt/ATO should
reflect in a lower cost per kW, since lifetime should also be accounted when estimating the cost of
the stack. The durability factor (DF) was defined as follows:
Durability Factor =

Mass activity retention of catalyst

(A3.4)

Mass activity retention of Pt⁄ATO

By definition, the durability factor of Pt/ATO was 1; The catalyst activity retention after 5000
start-stop cycles was only 96%. For Pt-Vulcan XC-72 the catalyst activity retention after 1000
start-stop cycles was only 4%. Therefore, the durability factor for Pt/Vulcan XC-72 was 0.69. We
have employed the catalyst activity retention after 1000 cycles instead of 5000 cycles to avoid an
underestimation of the price of Pt/ATO. Table 4.2 summarizes the results for both catalysts taking
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into consideration the fuel cell performance (rated power at 0.65 V taken from Figure 4.5(a)) as
well as the durability factor. In FC Systems, one utilizing Pt/ATO costs about 25% less than one
with Pt/Vulcan XC-72. This result is encouraging about the potential of non-carbon supported Pt
catalysts and their potential as catalysts in PEMFCs. Further improvements in performance and
durability can make them more economically.
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